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Samenvatting
Raat- en cellenliggers zijn stalen I-profielen die op regelmatige afstand
respectievelijk zeshoekige of cirkelvormige openingen in de lijfplaat bevat-
ten. Het merendeel van deze liggers wordt momenteel gefabriceerd door
het lijf van een warmgewalste I-ligger met een snijbrandproces door te
snijden volgens een bepaald patroon, waarna de bekomen helften relatief
ten opzichte van elkaar verschoven en opnieuw aan elkaar gelast worden.
Op deze manier wordt een profiel verkregen met een hogere doorsnede en
met openingen in de lijfplaat. Het belangrijkste voordeel van deze liggers
is hun economisch materiaalgebruik bij belasting in buiging om hun sterke
as. Anderzijds kunnen allerhande nutsvoorzieningen door de openingen
geleid worden, in plaats van onder de liggers, waardoor de benodigde
constructiehoogte van het totale vloerpakket daalt en bijgevolg ook de
noodzakelijke tussenafstand tussen twee verdiepingen in een gebouw
afneemt. Soms worden raat- en cellenliggers ook gewoon gebruikt uit
esthetische overwegingen, omdat de aanwezige openingen in de lijfplaat
de constructie een lichter uiterlijk geven, vergeleken met klassieke stalen
I-liggers. Meestal worden deze liggers gebruikt als balk, waarbij ze belast
worden in buiging, maar ze worden ook gebruikt voor toepassingen
waarbij ze als een kolom in druk belast worden of voor staven die belast
worden door een combinatie van buiging en normaalkracht.
De aanwezigheid van de openingen in de lijfplaat wijzigt het bezwijk-
gedrag van deze liggers echter: rond de openingen ontstaan immers
nieuwe bezwijkmodes, zoals kip van het stuk lijfplaat tussen twee openin-
gen, of het Vierendeelmechanisme, waarbij er zich plastische scharnieren
vormen rond de openingen. Daarnaast worden ook bestaande bezwijk-
modes beïnvloed, zoals bijvoorbeeld het knik- en kipgedrag van deze
staven. Helaas zijn de bestaande ontwerpregels voor deze laatste bezwijk-
mode onvolledig, tegenstrijdig of zelfs compleet onbestaande.
Er wordt verwacht dat het kip- en knikgedrag van de raat- en cellen-
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liggerstaven kwalitatief hetzelfde zal zijn als dat van een I-profiel zonder
openingen in de lijfplaat. Desalniettemin zal een gewijzigde uitdrukking
voor de kip- of knikweerstand nodig zijn, waarbij twee elementen een rol
zullen spelen. Ten eerste wordt verwacht dat de hogere lijfplaat en de aan-
wezigheid van de openingen hierin het bezwijkgedrag van deze liggers
zullen beïnvloeden. Ten tweede zal het productieproces de aanwezige
eigenspanningen wijzigen, die op hun beurt de bezwijkbelasting zullen
beïnvloeden. Voor klassieke I-liggers zonder openingen in de lijfplaat
is er immers reeds aangetoond dat imperfecties zoals eigenspanningen
een belangrijke nadelige invloed hebben op de kip- en knikweerstand.
Daarnaast wordt er verwacht dat de thermische invloed van de las- en
snijprocessen tijdens de productie van de cellenliggers en raatliggers de
reeds aanwezige eigenspanningen in het moederprofiel zal wijzigen, wat
een belangrijke nadelige invloed kan hebben op de bezwijkbelasting van
deze staven. Aangezien hiermee geen rekening gehouden werd bij het
opstellen van de bestaande ontwerpregels zou het kunnen dat deze de
kip- en knikweerstand overschatten.
In dit werk worden de effecten van de gewijzigde geometrie en het
gewijzigde eigenspanningspatroon onderzocht, met als doel een geschikte
ontwerpmethode te vinden voor het berekenen van de kip- en knikweer-
stand van stalen profielen van het raat- en cellenliggertype. Hierbij
wordt enkel knik om de zwakke as beschouwd. Eerst wordt het effect
van de productieprocedure op het eigenspanningspatroon bepaald door
middel van een experimenteel onderzoek, waarna het effect van dit
gewijzigde eigenspanningspatroon op de bezwijkbelasting onderzocht
wordt in een uitgebreide parameterstudie. Het numerieke model, gebruikt
in de parameterstudie, wordt gevalideerd door de resultaten ervan te
vergelijken met experimentele resultaten, bekomen door kipproeven uit
te voeren op raat- en cellenliggers.
Teneinde de invloed van het productieproces op het eigenspannings-
patroon te onderzoeken, zijn de eigenspanningen gemeten in een aantal
proefstukken afkomstig van raat- en cellenliggers en hun IPE160 moeder-
profiel. De raatliggers werden geproduceerd volgens de standaardpro-
ductiemethode waarvan sprake hierboven. De cellenliggers daarentegen
werden volgens een afwijkende productiemethode gemaakt, waarbij
cirkelvormige openingen rond de zeshoekige openingen van afgewerkte
raatliggers werden gesneden. Voor de raatliggers was, tengevolge van
het productieproces, een merkbare verhoging van de drukspanningen
waarneembaar in het eigenspanningspatroon van de flenzen. Voor de cel-
lenliggers die gemaakt werden volgens de afwijkende productiemethode
was de verhoging van de drukspanningen in de flenzen net boven en
onder de openingen in de lijfplaat zelfs nog groter, als een gevolg van de
bijkomende warmte tijdens het snijden van de cirkelvormige openingen.
Omdat dit zeer nadelige gevolgen heeft voor de kip- en knikweerstand,
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raadt de auteur aan om dergelijke afwijkende productiemethodes te
vermijden. Een vereenvoudigde analytische benadering bevestigde dat
de resultaten die verkregen werden voor de relatief kleine IPE160 proef-
stukken ook geldig zijn voor zwaardere profielen. Bijgevolg kon een
conservatief eigenspanningspatroon voorgesteld worden voor raat- en
cellenliggers die gemaakt werden volgens de standaardproductiemethode.
Dit voorstel werd vervolgens gebruikt om het gewijzigde eigenspannings-
patroon in rekening te brengen voor de numerieke simulaties van het
knik- en kipgedrag van raat- en cellenliggers.
In de parameterstudie werd het kipgedrag en het knikgedrag om
de zwakke as van een grote groep raat- en cellenliggergeometrieën van
verschillende slankheden onderzocht. Voor elke beschouwde geometrie
en voor elk belastingsgeval werd het elastisch kip- en knikgedrag, alsook
het niet-lineaire bezwijkgedrag van realistische raat- en cellenliggers
onderzocht. In dit laatste werden, naast de effecten van geometrische
niet-lineariteit en het elastisch-plastic materiaalgedrag, ook geometri-
sche imperfecties en het gewijzigde eigenspanningspatroon beschouwd.
Als resultaat van deze parameterstudie werd een grote groep waarden
voor het kritieke kipmoment Mcr en de kipweerstand MRd bekomen,
alsook waarden voor de kritieke knikbelasting om de zwakke as Ncr
en de knikweerstand NRd. De aldus bekomen waarden werden ver-
volgens vergeleken met de ontwerpmethodes die momenteel aanwezig
zijn in Eurocode 3 voor de knik- en kipweerstand. Daarnaast werden
de waarden van de kipweerstand MRd ook getoetst aan de nieuwe uit-
drukkingen die voorliggen voor de volgende versie van Eurocode 3.
Gebaseerd op deze vergelijking worden er aanbevelingen gedaan voor
de berekening van de elastische kritieke belastingen Ncr en Mcr, en
voor de berekening van de bezwijkbelastingen NRd en MRd. Voor de
bezwijkbelastingen was de selectie van de voorgestelde knik- en kip-
krommes gebaseerd op een vergelijking van de partiële factor γRd, die de
modelonzekerheid van elke beschouwde berekeningsmethode voorstelt.
Door het beschouwen van het gewijzigde eigenspanningspatroon in
de numerieke simulaties is het effect van het productieproces op de
eigenspanningen inbegrepen in de voorgestelde ontwerpregels en is er
geen sprake meer van de onveiligheid die hierboven werd aangehaald.
Tot slot wordt benadrukt dat de in dit werk voorgestelde kip- en
knikkrommes uiteraard enkel geldig zijn als de gemaakte aannames met
betrekking tot de eigenschappen van de profielen in de numerieke simu-
laties geldig zijn, waarbij de belangrijkste onzekerheid de aangenomen
eigenspanningen zijn. Voor verder onderzoek zou het nuttig zijn om
eigenspanningsmetingen op zwaardere raat- en cellenliggers uit te voeren
om het aangenomen eigenspanningspatroon te bevestigen. De aldus
verkregen resultaten kunnen dan verder gebruikt worden in een meer
uitgebreide probabilistische studie om definitieve uitdrukkingen voor
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de kip- en knikweerstand te bepalen. Daarnaast kunnen de resultaten
die bekomen zijn in dit werk ook dienen als basis voor de studie van het
globale instabiliteitsgedrag van profielen van het raat- en cellenliggertype
met meer complexe, realistische belastingen en randvoorwaarden.
vi
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Cellular or castellated members are steel I-section members with evenly
spaced circular or hexagonal web openings. Most of the cellular or
castellated members used nowadays are made by thermally cutting the
web of a hot-rolled parent section according to a certain pattern, after
which the obtained halves are welded together to form a member with
a higher web and with web openings. The main advantage of these
members is their economic material behaviour in strong axis bending,
but they can also be used out of aesthetic considerations because of their
light appearance. An additional important advantage is the possibility to
guide service ducts through the openings, thus decreasing the necessary
floor-to-floor height. The members are mostly used as beams, but they
are also being used for beam-column or column applications.
The presence of the web openings influences the members’ failure
behaviour: around the openings, new local failure modes will come into
existence, such as the buckling of the web post between the openings, or
yielding around the openings in a Vierendeel mechanism. Additionally,
already existing failure modes will be altered, such as the global buckling
behaviour of cellular or castellated members. However, the currently
existing design methods for this last failure mode are incomplete, con-
flicting or lacking altogether. In this work, the global buckling behaviour
of cellular and castellated beams and columns will be investigated to
propose safe design rules for the cases of weak-axis flexural buckling of
columns and lateral-torsional buckling of beams.
It is expected that the global buckling behaviour of castellated and
cellular beams or columns will be qualitatively similar to the behaviour of
plain-webbed I-section members, but that a modified buckling resistance
expression will be necessary. This expression will be modified by two
factors. As a first influence factor, the presence of the web openings
and the higher web heights need to be taken into account. Secondly,
vii
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the production process will alter the present imperfections, which will
affect the global buckling resistance. For I-section members without
web openings, it has been shown that imperfections such as the residual
stresses have a major detrimental influence on the global buckling resis-
tance. It is expected that the thermal influences during the production
process of the cellular and castellated members will modify the already
present residual stresses, with possibly important detrimental effects on
their global buckling resistance. However, no research has yet occurred
to determine the influence of the production process on the residual
stresses and the corresponding influence on the buckling resistance of
these members. Since this was not taken into account in the formulation
of the existing design rules, possibly unsafe values of the resistance are
obtained.
This work will focus on the effect of the modified geometry and the
altered residual stress pattern in order to determine a suitable design
method to calculate the global buckling resistance of cellular and cas-
tellated members loaded in compression and bending. First, the effect
of the production process on the residual stress pattern is determined
by an experimental investigation, after which the effect of this modified
residual stress pattern on the failure load is determined in an extensive
parametric study. The numerical model used for the parametric study
will be validated by comparing its results with the experimental results
obtained by executing four-point bending tests on castellated and cellular
beams, in which these beams will fail by lateral-torsional buckling.
To examine the influence of the fabrication procedure on the residual
stress pattern, the residual stresses were measured in a number of castel-
lated and cellular member specimens and their IPE160 parent sections.
The castellated members were produced according to the standard fabri-
cation procedure, but the cellular members were made in a non-standard
manner by cutting circular openings around the hexagonal openings of
completed castellated members. For the castellated members, a distinct
increase of compressive residual stresses due to the fabrication process
could be perceived in the flanges, which is detrimental for the global
buckling resistance. For the cellular members made according to the
non-standard fabrication procedure, the compressive stress increase in
the flanges above and below the web openings was even larger, due to the
additional heat input during the cutting of the circular openings. Because
this has very detrimental effects for the global buckling resistance, it is
advised to avoid such non-standard fabrication procedures. Using an
analytical approximation for the residual stress pattern, it was confirmed
that the results obtained for the relatively small IPE160 section would also
be valid for heavier sections. Consequently, a conservative residual stress
pattern is proposed for cellular and castellated members made according
to a standard fabrication procedure. This proposal could now be used
viii
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for the numerical simulations of the global buckling behaviour of cellular
and castellated members to include the effect of the modified residual
stress pattern.
In the parametric study, the weak-axis flexural buckling and lateral-
torsional buckling resistance of a large variation of cellular and castellated
member geometries of different slendernesses was examined. For each
considered geometry and load case, the elastic buckling behaviour as
well as the non-linear failure behaviour of realistic cellular and castellated
members were studied, the latter including the effects of geometric and
material non-linearity, as well as geometric imperfections and residual
stresses. As a result, a large set of values for the critical buckling moment
Mcr and the lateral torsional buckling resistance MRd was obtained, as
well as values for the weak-axis flexural critical buckling load and resis-
tance (Ncr and NRd respectively). These results could now be compared
with the design expressions for the lateral-torsional and weak-axis flexural
buckling resistance currently present in the Eurocode 3 standard, as well
as with the proposed expressions for the lateral-torsional buckling resis-
tance in the updated version of Eurocode 3. Based on these comparisons,
recommendations were made for the calculation on the elastic critical
buckling loads Ncr and Mcr, as well as for buckling resistances MRd
and NRd. For the latter, the proposed buckling curve formulations were
selected based on a reliability based comparison using the partial factor
γRd, representing the model uncertainty of the considered design model.
By the inclusion of the modified residual stress pattern in the numerical
simulations, the effect of the production process on the residual stresses
is included in the proposed design rules and the unsafeties mentioned
above are resolved.
To conclude, it should be emphasized that the buckling curves pro-
posed in this work are still of a preliminary nature, only valid if the
assumptions regarding the properties of the members in the numerical
simulations are valid, such as the assumed residual stresses. In future
work, it would be useful to execute residual stress measurements on
heavier castellated and cellular members to confirm the validity of the
assumed residual stress pattern. The thus obtained results could be used
in a wider probabilistic study to determine the definitive buckling curves.
Additionally, the results obtained in this work could serve as a base for
the study of the global buckling behaviour of castellated and cellular
members subjected to more complex loading and boundary conditions.
ix
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Chapter1
Introduction
1.1 Motivation and background
Cellular or castellated members are steel I-section members with evenly
spaced circular or hexagonal web openings. Most of the cellular or
castellated members used nowadays are made by thermally cutting the
web of a hot-rolled parent section according to a certain pattern, after
which the obtained halves are welded together to form a member with
a higher web and with web openings (Fig. 1.1). The main advantage
of these members is their economic material behaviour in strong axis
bending, but they can also be used out of aesthetic considerations because
of their light appearance. A last important advantage is the possibility to
guide service ducts through the openings, thus decreasing the necessary
floor-to-floor height (Fig. 1.2). The members are mostly used as beams,
but they are also being used for beam-column or column applications.
The presence of the web openings influences the members’ failure
behaviour: around the openings, new local failure modes will come into
existence, such as the buckling of the web post between the openings, or
yielding around the openings in a Vierendeel mechanism. Additionally,
already existing failure modes will be altered, such as the global buckling
behaviour of cellular or castellated members. Unfortunately, as will be
shown in Chapter 2, the currently existing design methods for this last
failure mode are incomplete, conflicting or lacking altogether.
It is expected that this buckling behaviour will be qualitatively similar
to the behaviour of plain-webbed I-section members, but that a modified
buckling resistance expression will be necessary because of two causes:
1. The influence of the web openings should be included in the resis-
tance calculation. This has already been investigated for the lateral-
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Figure 1.1: Castellated and cellular member fabrication.
torsional buckling of cellular and castellated beams, but conflicting
design methods still exist at the moment. This is illustrated in
Chapter 2.
2. The production process will alter the present imperfections, which
will affect the global buckling resistance. The imperfections which
are expected to be modified are the local geometric imperfections,
as well as the residual stresses. In Chapter 4, it is shown that
the residual stresses and global geometric imperfections have a
dominant detrimental influence on the global buckling resistance
of I-section members without openings. However, the influence of
the local geometric imperfections on the global buckling resistance
is small. Consequently, the influence of the production process of
cellular and castellated members on the global buckling behaviour
will be mainly determined by the modification of the already present
residual stresses. While this influence is possibly detrimental for
the buckling resistance (as will be demonstrated in Chapter 3),
no research has yet occurred to determine the influence of the
production process on the residual stresses and the corresponding
influence on the buckling resistance of these members. As a result,
possibly unsafe values of the resistance are obtained.
In this work, the global buckling behaviour of cellular or castellated beams
and columns will be investigated, focusing on the two points given above.
1.2 Thesis objectives - research questions
In this work the global buckling behaviour of cellular and castellated
beams and columns will be determined. More precisely, the influence
of the web openings and the residual stress patterns, modified by the
fabrication process, will be examined. As a result of this research, a
preliminary design method for weak-axis flexural and lateral-torsional
buckling of cellular and castellated members will be proposed. Because
the global buckling behaviour is qualitatively similar to the behaviour
of plain-webbed members, this method should fit in the approach of the
already existing buckling resistance calculation methods of the European
4
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Figure 1.2: Example of cellular member application.
steel standard (CEN, 2005), which will be further referred to as EC3. These
methods and their derivation are discussed in Chapter 4.
The following research questions will be answered in this work:
1. How are the residual stresses modified by the fabrication process?
2a. What is the influence of the web openings on the critical global
buckling load and the global buckling resistance?
2b. What is the influence of the modified residual stresses on the global
buckling resistance?
1.3 Scope of the thesis
Because the topic of global buckling of cellular and castellated members
is very wide, some limitations will be made:
• The members are loaded by a constant bending moment or a com-
pressive force.
• The I-section members only have regularly placed web openings of
circular or hexagonal shape (cellular and castellated members) and
are doubly symmetric.
• The castellated and cellular members are made from a hot-rolled
I-section by using an oxycutting and welding procedure.
• The members are simply supported with fork supports at the ends.
These are the classical boundary conditions for flexural buckling of
columns and lateral-torsional buckling of beams.
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Figure 1.3: Organisation diagram of thesis.
• Only the weak-axis flexural buckling and lateral-torsional buckling
mode will be considered, as they are the governing failure modes
for the I-section columns and beams.
1.4 Organisation and methodology of the thesis
This work is divided into three parts, as shown in Fig. 1.3. In the first part,
the foundations for the study of the global buckling behaviour of cellular
and castellated members are laid. In the second part, the experimental
work and the numerical model based on this work is described. This
model is used for a parametric study about the global buckling behaviour
of cellular and castellated members. Based on this work, a proposal for
global buckling design rules is made in the third part.
Part 1 In Chapter 2, a complete overview of the cellular and castellated
member use and design methods is given, with a focus on the already
existing research of the global buckling behaviour. Chapter 3 contains
an overview of earlier research of the residual stresses in plain-webbed
members and the influence of welding and cutting. In Chapter 4, an
overview of the global buckling behaviour of I-section members is shown,
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illustrating the derivation of the global buckling resistance expressions
for plain-webbed members. Furthermore, the current (and future) EC3
global buckling design methods for plain-webbed members are given.
Part 2 The experimental work is described in the first chapters of Part 2.
First, an overview of the test specimens is given in Chapter 5. These
specimens are used for the residual stress measurements in Chapter 6
and the lateral-torsional buckling experiments in Chapter 7, of which
the methodology and the results are described in these chapters. In
Chapter 8, it is described how the numerical model is constructed and
validated, using the experimental results. The parametric study for which
this numerical model is used is described in Chapter 9. Here, the global
buckling resistance of a wide variety of cellular and castellated member
geometries is determined, as well as the critical buckling load. This way,
the effect of the web openings and the residual stresses can be determined.
Part 3 In Chapter 10, a preliminary design rule proposal will be made,
using a reliability-based comparison of modified versions of the already
existing design rules for plain-webbed members. Finally, conclusions
for this work and recommendations for further research are given in
Chapter 11.
Remarks for the reader After each chapter, a short summary will be
given. Unless explicitly mentioned otherwise, positive stresses are tensile
stresses and negative stresses are compressive.
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Chapter2
Cellular and castellated
members
Cellular and castellated members are I-section members with respectively circular
or hexagonal openings in the web, regularly placed along the members’ length. In
this chapter, a general overview of the advantages and possible applications will
be given, after which the possible production methods will be described. Next,
the known literature about possible failure modes of cellular members will be
reviewed. Lastly, the hiatus in existing design methods for the global buckling
behaviour will be illustrated and a link will be made with the research questions
of Chapter 1.
2.1 General
The main advantage of cellular and castellated members is their increased
strong-axis bending stiffness and resistance, compared with an I-section
member of the same weight. As a result, important material and weight
savings can be made. Another important advantage is the possibility to
guide service ducts through the openings instead of under the beams, thus
diminishing the necessary floor-to-floor height and construction costs.
Lastly, they also have an aesthetic advantage because of their lighter and
more open appearance.
Disadvantages are their reduced shear capacity and modified failure
behaviour, necessitating a more complex design than for plain-webbed
members. Furthermore, the production costs of these members are higher
than plain-webbed I-section members, although this drawback is coun-
tered by the more economic material use. Opinions vary about the
9
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g 
a 
Toepassingen cellular beams 
a) Renault distribution centre Swindon (van website 
Foster + Partners) 
b) Chicago O’Hare luchthaven (gemaakt door DS) 
c) Porsche garage, Liverpool (Westok) 
d) Framework (Westok) 
e) Supermarket in Reykyavik (foto DD) 
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g) Vevey trainstation (foto JB) 
 
 
Nog op te zoeken: 
Porsche garage, Liverpool (Westok.co.uk) 
Figure 2.1: Application examples of cellular members: (a) Renault
distribution centre (Swindon, UK); (b) Chicago O’Hare Airport (USA);
(c) Ikea car park (Leeds, UK); (d) Porsche garage (Liverpool, UK); (e)
supermarket (Reykjavik, Iceland). Picture (a) is taken from (Foster +
Partners, 2013) and pictures (c) en (d) from (Westok, 2013).
Figure 2.2: AngelinaTM beam.
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optimum range of spans for castellated or cellular beams, but the optimum
spans lie somewhere between 10 m and 20 m, in between the application
area for I-section beams and that of trusses.
Castellated members, i.e. with hexagonal openings, have been first
used in the 1940’s in Europe (Saunders, 1956), (Zaarour and Redwood,
1996). The use of cellular members, i.e. with circular openings, began in
the 1980’s, in structures such as Terminal 1 of Chicago’s O’Hare Airport
(USA) and the former Renault Distribution Centre in Swindon (UK)
(Fig. 2.1). During the last decade other openings shapes have also come
into existence, of which the AngelinaTM beam is probably most used
(Fig. 2.2). This research focuses only on cellular and castellated members,
but it is expected that the global buckling behaviour of members with
other opening shapes will be similar.
Nowadays, castellated and cellular members are used both in steel and
steel-concrete composite construction all over the world. They are mostly
used for applications in which they are loaded in strong axis bending or a
combination of strong-axis bending and axial compression (Fig. 2.1 b,d,e),
but they are also used for columns out of aesthetic considerations. Due
to the lower resistance to local point loads, they are most suited for long
spans with relatively uniform loads. If the expected loads are relatively
low and stiffness is of major importance, such as for wide span purlins or
footbridges, larger openings and smaller opening spacing are used. On
the other hand, smaller openings and larger opening spacings are used if
the resistance is more important, such as for floors, car parks or columns.
The castellated and cellular member’s geometry is depicted in Fig. 2.3.
The part between two web openings is called the web post and the parts
above and below the openings are called the tee sections, as shown in
Fig. 2.4. Practical limits for the dimensions and section classification limits
are given in Appendix A.
2.2 Manufacturing methods
According to (Lawson and Hicks, 2011), three different manufacture
methods exist for members with large web openings:
1. Cutting or punching individual openings in the hot-rolled I-section
member web. As this is only done for members with isolated web
openings, this method will not be further considered in this work.
2. Beams with isolated or multiple web openings can be manufac-
tured as a fabricated section, in which three plates are welded
together to form an I-section. Here, openings are cut in the web
before or after forming the I-section. Asymmetric or tapered
geometries can be easily obtained using this method.
11
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Figure 2.3: Castellated (top) and cellular (bottom) member dimensions.
Web post Tee section
Figure 2.4: Fabrication of a castellated or cellular member starting from
a plain-webbed parent section.
3. Cutting a hot-rolled I-section (the parent section) according to a
certain pattern along the web (Fig. 2.4), after which the resulting
tee sections are shifted and welded together again. The obtained
member is 40-60% higher than its parent section. A large variation
of geometries is possible using this method (cf. infra).
Fabricators of cellular and castellated members are (amongst others):
ArcelorMittal (multinational, headquarters in Luxembourg); Westok (UK);
CMC Steel Products (North America); Tata Steel (Indian multinational);
Macsteel (South Africa); New Millenium (USA); Fabsec (UK); Peiner
Träger GmbH (Germany) and Huys-Liggers (The Netherlands). Fabsec
uses the second production procedure, while all other fabricators use the
third manufacturing method.
The manufacturing method has a large influence on the imperfections
in the member and the corresponding global buckling resistance. This
work will focus only on members made according to the third method,
but the principles given in this work could also be used to study the
12
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Figure 5 
              Parent Sections (PS)        After Cutting (AC) or After Welding (AW)        Buckling exp. 
CS1L2 
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Figure 5. Production process: (a) cutting of the web; (b) welding of the castellated members; (c) additional cutting 
of the circular openings for the CS2 geometries 
Figure 2.5: Castellated member production and deviating production
method for cellular members. After the fabrication of the castel-
lated member (left and middle), circular openings are cut around the
hexagonal openings (right).
resistance of members made according to the second manufacturing
method. Nowadays, the parent sections are cut using an oxycutting
or plasmacutting process, after which the obtained halves are welded
using a semi-automatic gas metal arc welding process.
Asymmetric sections can be obtained by using two different sections
for the top and bottom half of the member; tapered members are made
by using an inclined cutting line direction in the web and arched or
precambered members are fabricated by bending the member halves
before welding them together. In this work, only doubly symmetric
cellular or castellated members will be considered.
Sometimes a deviating production method is used for cellular mem-
bers, in which the cellular member is made by cutting circular openings
around the hexagonal openings of an already completed castellated
member (Fig. 2.5). As will be seen in Chapter 6, this manufacturing
process is not recommended due to the high compressive residual flange
stresses and the corresponding decrease in global buckling failure load.
2.3 Failure modes and existing design guides
The resistance calculation of a cellular or castellated member is more
complex than that of a plain-webbed member. Understandably, new
failure modes will arise because of the web openings and already existing
failure modes for plain-webbed members will be modified. A detailed
overview of the different failure modes of steel castellated beams is given
in (Kerdal and Nethercot, 1984). Overall design methods for beams with
large web openings against these failure modes are given in annex N of
ENV3, the European pre-standard of Eurocode 3 (CEN, 1998).
The CTICM1 has developed the ACB+ software for ArcelorMittal, facil-
itating the design of cellular beams (both steel and composite) according
1Centre Technique Industriel de la Construction Métallique, France.
13
CHAPTER 2. CELLULAR AND CASTELLATEDMEMBERS
to Eurocode principles. An overview of the used design methods in this
software is given in (CTICM, 2006). Other guidelines, valid for both steel
and composite beams are given in the SCI2 publication (Ward, 1990).
Guidelines for composite beams with large web openings can be found
in the more recent SCI publication (Lawson and Hicks, 2011) or in the
design guide resulting from the European RFCS3 project LWO+ (Large
Web Openings for service integration in composite floors) (Feldmann
et al., 2006). These guidelines can also be used for steel members by
neglecting the contribution of the concrete part and taking into account
additional global buckling failure modes.
While all the references summed up above are valid for beams, i.e.
members loaded in strong axis bending, almost no guidelines exist for
cellular or castellated members loaded in compression or in a combination
of bending and compression. According to the author’s best knowledge,
only a limited amount of studies exist for members loaded in compression
or a combination of compression and bending. As a result the mentioned
design guidelines can only be used for the design of beams, and the
designer should be very careful when coping with columns or beam-
columns, as there is a large gap in the knowledge about cellular or
castellated member failure in this area.
A concise overview of the local failure modes is given in Section 2.4,
while a more detailed overview of the global buckling failure modes
of cellular and castellated members will be given in Section 2.5. Apart
from the different ultimate limit state checks corresponding with these
failure modes, serviceability limit state checks should also be adjusted,
e.g. taking into account the increased flexibility of the member (Martin
et al., 2006).
More details on the design methods can be found in the general
references cited above or in the specific references cited below.
2.4 Local failure modes
In this section, an overview of the research about all local failure modes of
cellular and castellated members will be given. Since almost all research
concerned cellular and castellated beams loaded in strong-axis bending,
the following paragraphs will focus mainly on typical local beam failure
modes. Only in a master thesis at Delft University (Verweij, 2010), the
influence of normal forces on the web post buckling and Vierendeel
mechanism formation was studied for cellular beam-columns.
The presence of a high shear force in the beam can cause Vierendeel
mechanism formation (Section 2.4.1), different types of web post failure
2Steel Construction Institute, United Kingdom.
3Research Fund for Coal and Steel.
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(Section 2.4.2) or exhaust the shear resistance by buckling or plasticity
(Section 2.4.3). On the other hand, the presence of a bending moment can
deplete the reduced moment resistance at the opening (Section 2.4.4).
The Vierendeel mechanism and web post failure are failure types spe-
cifically due to the presence of the web openings, while the failure modes
corresponding with shear and moment resistance are already existing
failure modes for plain-webbed I-section members, altered because of the
web openings’ presence.
The local buckling of the web part in compression above the opening,
as well as other local buckling modes existing for the plain-webbed
geometry are not mentioned below. They are prevented by using a cellular
or castellated member geometry with a suitable section classification (cf.
Appendix A.3). These section classification limits have been derived for
beams, but some research also exist for the local web buckling of beam-
columns with circular or elongated web openings (Sweedan and El-Sawy,
2011).
2.4.1 Vierendeel analogy and mechanism
When loaded in bending, the beam will behave as an assembly of indi-
vidual structural components, with vertical web posts and horizontal tee
sections. According to the Vierendeel analogy, the statically indeterminate
distribution of local forces in the components can be determined by
assuming an inflection point in the middle of each horizontal tee section
(where the bending moment is zero) and making assumptions for the
shear distribution over the top and bottom tee, as shown in Fig. 2.6.
The global bending moment is redistributed over the tee sections as
two normal forces, while the shear force is assumed to be distributed
evenly over the top and bottom tee sections for doubly symmetric steel
members. If the shear forces in bottom and top tee are assumed to be
equal, static equilibrium of both beam parts shown in Fig. 2.6 dictates that
the bending moment in the middle of the web post Mh is zero (Fig. 2.6).
Because of the shear forces in the middle of the tee sections, there will be
local secondary bending moments in both tees, which will increase with
increasing opening length. More details on the internal force distribution
can be found in (Bitar et al., 2006), (Kerdal and Nethercot, 1984), and
(Lawson and Hicks, 2011).
When the total resistance of the tee sections around an opening against
the local normal forces and secondary bending moments is reached, the
beam will fail by a Vierendeel mechanism with four plastic hinges sur-
rounding this opening (Fig. 2.7). This mechanism is often crucial in mem-
bers with short spans (for which shear dominates), wide openings (with
large secondary bending moments) or shallow tee sections (low plastic
resistance of the tees) (Kerdal and Nethercot, 1984). The formation of
15
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Fig. 40 : Vérification d’un montant
5,4. – Section critique dans le montant
La section critique d’un montant est la section dans laquelle
l’effort de cisaillement horizontal Vh dans le montant produit la
contrainte de flexion maximale dans le plan de l’âme. La réso-
lution de ce problème aboutit à l’expression de la distance dw
repérant la section critique en fonction des caractéristiques géo-
métriques de l’ouverture : 
dw = ABBBBB
La largeur de section critique s’en déduit par la relation :
,w = a01α – ABBB1 – 1 222
5,5. –Contraintes principales
Fig. 41 – Orientation de la facette tangente au bord de l’ouverture
L’état de contrainte au point P de la section critique dû à
l’effort tranchant Vh et au moment de flexion Mh sollicitant le
montant peut s’écrire sous la forme du tenseur de contraintes
suivant, exprimé dans le repère (P, $i, $j ) – voir figure 41.
3 4τv
– σf
– σx
τv
2dw
a0
EFFFFFFα4 + 8α2 – 2 – α2
2
a0
2
σf est la contrainte de flexion dans le plan de l’âme et elle
s’exprime par la relation suivante, où Mc est le moment de
flexion dans la section critique :
σf = 
Pour la facette tangente au bord de l’ouverture, orientée par
sa normale $n de composantes (cos θ, – sin θ) – voir figure 41 –
les contraintes dans le repère (P, $i, $j ) sont :
σiθ = – σx cos θ – τv sin θ
σjθ = τv cos θ + σf sin θ
Fig. 42 – État de contrainte au point P (cercle de Mohr)
Les conditions de bord libre imposent σiθ = σjθ = 0, et on
trouve l’expression suivante pour la contrainte principale de
compression σp = σx + σf :
σp = 
Le moment dans la section critique s’écrit en fonction de la
membrure considérée :
– Membrure supérieure : Mc = Vh dw – Mh
– Membrure inférieure : Mc = Vh dw + Mh
5,6. – Sollicitations dans le montant – Cas d’une poutre acier
Soient Ml et Mr les moments de flexion dans la poutre au
droit des ouvertures à gauche et à droite et Vl et Vr les efforts
tranchants (fig. 43). Soit dG la distance entre les axes neutres des
tés supérieur et inférieur au droit des ouvertures. Les sollicita-
tions sont positives selon la convention adoptée sur la figure 43.
Cette même convention sera conservée dans la suite de l’article.
Fig. 43 – Répartition des efforts dans une poutre cellulaire acier
6Mc
,w
2 tw(1 –4(dw /a0)2)
6Mc
,w
2 tw
D. Bitar, P.-O. Martin, Y. Galéa, T. Demarco 31
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Figure 2.6: Internal f rc distribution in w b post and tee section
according to Vierendeel analogy. Extracted from (Bitar et al., 2006).
a b 
Figure 2.7: Vierendeel mechanism. Picture (a) is extracted from (Hosain
and Speirs, 1973) and (b) from (Bitar et al., 2006).
Vierendeel mechanisms has been studied for both castellated and cellular
beams, as well as for beams with other web openings shapes, in (Chung,
2001), (Durif et al., 2011), (Durif and Bouchaïr, 2012), (Halleux, 1967),
(Hosain and Speirs, 1973), (Liu, 2003), (Tsavdaridis and D’Mello, 2012).
The influence of the normal force in beam-columns on the Vierendeel
mechanism was studied in (Verweij, 2010).
2.4.2 Web post failure
According to the Vierendeel analogy, the web post will be loaded by a
combination of horizontal shear and double curvature bending across
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ratio and the web opening shape, different FE meshes were used to
model the web-posts with the element size kept the same. The
magnitude of the applied load was varied manually for each case in
order to achieve convergence in the initial linear stage of the analysis.
The load was applied in 100 sub-steps, the size of which could be
automatically varied by the software in order to achieve convergence as
the solution approached the failure load. The boundary conditions used
in themodel are shown in Fig. 6 and Table 3. Theweb-ﬂange connection
was assumed to be pinned as a safe lower bound, independent of the
ﬂange size and type of weld or root radius. In practice, some degree of
ﬁxity would exist, which increases the web buckling resistance.
A bi-linear representation of the stress–strain curve was used.
The initial elastic modulus, E, was taken as 200 GPa with a reduction
to 2 GPa (E/100) on reaching the yield point speciﬁed as 355 MPa.
The material model used the Von-Mises yield criterion with
kinematic hardening which is suitable for most metals, including
steel.
6.3. Design model
The design model was developed based on a ‘strut’ analogy in
which the stability of the web was checked using buckling curves to
BS 5950-1[12]. Compressive and tensile forces act across theweb-post
on opposite diagonals, as illustrated in Fig. 7. Failure occurred when a
local web buckle formed adjacent to the web opening as shown by the
shaded areas in Fig. 7. The compressive stress acting on the 'strut' was
calculated using the force in the upper tee-section or half the applied
vertical shear force for a symmetrically placed opening. The effective
width of the web-post resisting compression was taken as the half the
total width of the web-post (i.e. be=so/2) as it is shown in Fig. 8. This
assumption was only used to evaluate the compressive strength from
BS and it was based on empirical observations from literature [5]. The
compressive stress acting on the 'strut' is as follows:
σ =
Vv
2 so

2
 
tw
=
Vv
sotw
: ð1Þ
6.4. Results of the FE analysis
The vertical shear capacities obtained from the FE analyses of the
web-posts are graphically represented in Fig. 9. Improved design
formulas have been developed for perforated sections with circular
web openings (A1 and B1) which cover the range of 1.1≤S/do≤1.8
(Fig. 9). As a result of the non-linear FE parametric study on 225
models, similar formulas have been proposed for perforated sections
with the aforementioned novel web openings. Design formulas for
perforated sections with vertical elliptical web openings (B2) cover
the range of 0.931≤S/do≤1.631 are shown in Fig. 9 for further
comparison.
6.5. Design equations
6.5.1. Basic design model for web-post between regularly spaced web
openings
The design model derived from the ﬁnite element analyses was
based on a simple 'strut' model. The 'strut' was considered as acting
diagonally across the member (Fig. 8). For perforated sections with
circular web openings; the effective length, le, of the 'strut' was
Fig. 7. Typical web-post behaviour.
Fig. 8. 'Strut' model of web-post buckling.
Fig. 9. Vertical applied shear force (kN) according to FE model (left: A1 and B1 and right: B2).
1615KD Tsavdaridis, C. D'Mello / Journal of Constructional Steel Research 67 (2011) 1605–1620
Fig. 13 — Specimens C and D after failure 
In specimen A - 1 , which failed by a 
Vierendeel mechanism, and also in 
specimen G-1 , which failed by a flex-
ural mechanism, rapid unloading was 
triggered by web buckling caused by 
the shear force along the web weld. 
The characteristic features of such 
web buckling are illustrated in Figs. 
15 and 16. The shear force, F, acting 
along the web weld, stresses the web 
in bending. 
In Fig. 16, the fibers along AB are in 
tension whereas those along CD are 
in compression. In both beams men-
tioned above, edge buckling (along 
CD and EF) occurred only after the 
failure mechanism was completely 
formed and certain amount of un-
loading had already taken place be-
cause of local buckling of the plasti-
fied compression flange. Therefore, 
web buckling due to web shear may 
not be regarded as causing prema-
ture failure as far as ultimate load is 
concerned. However, it does pre-
maturely terminate the rotation capa-
city of the beam and, therefore, is im-
portant for plastically designed mem-
bers. 
An exact solution of the web buck-
ling problem is not available at pres-
sent. However, Blodgett (Ref. 20) has 
presented an approximate elastic 
m e t h o d of a n a l y s i s b a s e d on 
Olander's Wedge method (Ref. 22). 
Referring to Fig. 16, the maximum 
bending stress, ar (max), may be ex-
pressed by Eq. (4). 
3 Ftan 6 <4> (max) = 
4 w X n (f?2) 
Blodgett recommended that the max-
imum bending stress must not ex-
ceed the allowable stress, Fa , given 
by Eq. (5). 
1.0 - 1 ° 4 3 4 ( - \ 0.6 F 
(5) 
where C r ={ 
2rr2E and 
w = web thickness, 
Fy= nominal yield stress 
Table 7 was prepared by using Eqs. 
(4) and (5). Since both specimens A-1 
and G-1 were fabricated from CSA 
40.12 steel, a nominal yield stress of 
44 ksi was used for the calculations. 
Note that the allowable compressive 
binding stresses, Fa, shown in Table 
7, were obtained directly from Eq. 5 
above, and that the allowable shear 
forces, F (all.), were obtained by sub-
stitution f rom Eq. (4): 
4 w X n (92) , c , 
F(all.) = — <Fa ) 
3 tan d 
The equation used to determine the 
al lowable midpoin t concent ra ted 
loads, P(all.). w a s : 
P(all.) = 4 F(all.) 6.93 
m 
In discussing the results it must be 
recognized that the factors of safety of 
SYMMETRICAL ABOUT 
Fig. 14 — Load causing web buckling Fig. 75 — Web buckling due to shear in Specimen G-1 
338-s I A U G U S T 1 9 7 3 Figure 2.8: Web post buckling: compressive stress line and deforma-
tions at failure. Figures extracted from (Tsavdaridis and D’Mello, 2011)
and (Hosain and Speirs, 1973).
its height (Fig. 2.6), causing an inclined compression line across the web
post height (Fig. 2.8). Additionally, local transverse forces also induce
compression in the web post. The four different web post failure modes
induced by the local forces in the web post will b summed up in the
following sections.
2.4.2.1 Web post buckling
C mpr ssive stres es are present along an inclined compression line ov r
the web post’s height. As illustrated in Fig. 2.8, web post buckling can
occur along this ompression line. T is failure mode has been studied
extensively in (Bitar et al., 2006), (Hosain and Speirs, 1973), (Redwood
and Demirdjian, 1998), (Tsavdaridis and D’Mello, 2011), (Vassart, 2009),
(Zaarour and Redwood, 1996).
2.4.2.2 Web post crippling due to compression
If local loads or reaction forces are applied at the web post, it is possible
that the web post will fail in compression. In contrast to the buckled
shape due to horizontal shear, the web post does not twist at failure
(Fig. 2.9). This behaviour caused premature failure during the experi-
ments in (Hosain and Speirs, 1973). It is prevented by placing transverse
stiffeners at the location of the transverse forces or filling the openings
(Ward, 1990).
According to (Kerdal and Nethercot, 1984), a satisfactory method for
the prediction of the failure load had not yet been identified in 1984 and
no later research on the subject was found. However, in the ENV3 annex
N (CEN, 1998), it is said that the resistance calculation can be executed
according to ENV3 (CEN, 1992) if the local force is applied at a given
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Fig. 13 — Specimens C and D after failure 
In specimen A - 1 , which failed by a 
Vierendeel mechanism, and also in 
specimen G-1 , which failed by a flex-
ural mechanism, rapid unloading was 
triggered by web buckling caused by 
the shear force along the web weld. 
The characteristic features of such 
web buckling are illustrated in Figs. 
15 and 16. The shear force, F, acting 
along the web weld, stresses the web 
in bending. 
In Fig. 16, the fibers along AB are in 
tension whereas those along CD are 
in compression. In both beams men-
tioned above, edge buckling (along 
CD and EF) occurred only after the 
failure mechanism was completely 
formed and certain amount of un-
loading had already taken place be-
cause of local buckling of the plasti-
fied compression flange. Therefore, 
web buckling due to web shear may 
not be regarded as causing prema-
ture failure as far as ultimate load is 
concerned. However, it does pre-
maturely terminate the rotation capa-
city of the beam and, therefore, is im-
portant for plastically designed mem-
bers. 
An exact solution of the web buck-
ling problem is not available at pres-
sent. However, Blodgett (Ref. 20) has 
presented an approximate elastic 
m e t h o d of a n a l y s i s b a s e d on 
Olander's Wedge method (Ref. 22). 
Referring to Fig. 16, the maximum 
bending stress, ar (max), may be ex-
pressed by Eq. (4). 
3 Ftan 6 <4> (max) = 
4 w X n (f?2) 
Blodgett recommended that the max-
imum bending stress must not ex-
ceed the allowable stress, Fa , given 
by Eq. (5). 
1.0 - 1 ° 4 3 4 ( - \ 0.6 F 
(5) 
where C r ={ 
2rr2E and 
w = web thickness, 
Fy= nominal yield stress 
Table 7 was prepared by using Eqs. 
(4) and (5). Since both specimens A-1 
and G-1 were fabricated from CSA 
40.12 steel, a nominal yield stress of 
44 ksi was used for the calculations. 
Note that the allowable compressive 
binding stresses, Fa, shown in Table 
7, were obtained directly from Eq. 5 
above, and that the allowable shear 
forces, F (all.), were obtained by sub-
stitution f rom Eq. (4): 
4 w X n (92) , c , 
F(all.) = — <Fa ) 
3 tan d 
The equation used to determine the 
al lowable midpoin t concent ra ted 
loads, P(all.). w a s : 
P(all.) = 4 F(all.) 6.93 
m 
In discussing the results it must be 
recognized that the factors of safety of 
SYMMETRICAL ABOUT 
Fig. 14 — Load causing web buckling Fig. 75 — Web buckling due to shear in Specimen G-1 
338-s I A U G U S T 1 9 7 3 
Figure 2.9: Web post crippling due to compression. Extracted from
(Hosain and Speirs, 1973).
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Experiments on Castellated Steel Beams 
Results of the study permit an evaluation of existing 
design theory and provide specific limits for several 
design factors 
BY M. U. HOSAIN AND W. G. SPEIRS 
ABSTRACT. This report briefly sum-
marizes the results of experiments 
performed on 12 simple castellated 
steel beams. The objective of the in-
vestigation was to study the effect of 
hole geometry on the mode of failure 
and ultimate strength of such beams. 
The effect of changes in the number 
of panels on the performance of 
beams having the same span and ex-
pansion ratio was investigated. An at-
tempt was also made to study the 
phenomenon of web buckling due to 
compression and due to shear in the 
framework of the existing approxi-
mate method of design. 
The specimens were all fabricated 
from 10B15 beams and were ex-
panded to 1.5 t imes the or ig inal 
depth. With the exception of four 
specimens, which were fabricated 
from CSA G40.12 steel, all other 
specimens were of ASTM A-36 st el. 
The test results indicated that the 
opt imum hole geometry requires a 
minimum length of the throat which 
makes the beam less susceptible to 
fai lure due to Vierendeel mech-
anism, i.e., formation of hinges at the 
four re-entrant corners. Failure in 
such a beam may be caused by a 
"flexure mechanism," which is formed 
due to yielding of the flanges in the 
region of high bending moment, or by 
the rupture of a welded joint due to 
shear. 
M. U. HOSAIN and W. G. SPEIRS are 
Associate Professors in the Department of 
Civil Engineering of, respectively, the Uni-
versity of Saskatchewan, Saskatoon, and 
Nova Scotia Technical College, Halifax, 
Canada. 
The elastic behavior of the spec-
imen was consistent with the results 
p red i c t ed by the f in i te e lement 
method. 
Introduction 
Scope 
Castellated steel beams have been 
the subject of considerable research 
during the past decade. Most of the 
investigations, however, were basical-
ly of analytical nature and involved the 
study of the elastic behavior of such 
beams. (Refs. 1-7). An approximate 
statical elastic analysis of castellated 
beams was reported, in 1957, by Alt-
fillisch, Cooke and Toprac (Ref. 8). 
This analysis, which is based on the 
assumption that points of inflection 
are located at the midpoints of the 
members, is used extensively for de-
sign purposes. Toprac and Cooke 
(Ref. 9) carried out an investigation of 
Fig. 1 — Failure by web shear 
W E L D I N G R E S E A R C H S U P P L E M E N T ! 329 -s 
Figure 2.10: Web post shear failure. Extracted from (Hosain and Speirs,
1973).
distance from the web opening. If not, transverse web stiffeners should
be used.
2.4.2.3 Web Post bending
The in-plane bending resistance of the web post can be exhausted by the
present bending moment in the web post. This failure mode will usually
not govern for cellular or castellated members because of the increase
of the web post width further away from the middle of the web post
(Feldmann et al., 2006).
2.4.2.4 Web post horizontal shear failure
Due to the horizontal shear force present in the web post, it is possible
that the web post fails by yielding or rupture at the weld line in its middle
(Fig. 2.10). The resistance to this failure type depends on the welded
joint surface and the yield stress of the steel. This has been studied
experimentally in (Hosain and Speirs, 1971).
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262 V.T. Lian, N.E. Shanmugam / Thin-Walled Structures 41 (2003) 245–269
Fig. 14. Load vs out of plane web displacement.
Fig. 15. Web of girder CP30D5 after tested.
Load versus mid span deflection curves for PC30 series given in Fig. 9 shows
some interesting features of the girder behaviour. The decrease in ultimate load and
stiffness is observed with the increasing size of openings in all girders, except for
the girder PC30D5. The reduction in stiffness of this girder having do /d equal to
0.5 is not significant compared to that of specimen PC30D2, a girder having do /d
equal to 0.2. This may be due to the initial geometric profile (imperfect profile) of
the web. Measurements of initial imperfection on the PC30D5 girder webs showed
that the web panels had deflected in opposite directions on the two opposite edges
of the opening along the tension diagonal, i.e., the web close to the end stiffener
Figure 2.11: Shear buckling of the web. Extracted from (Lian, 2003).
2.4.3 Shear resistance
2.4.3.1 Shear resistance of the section (shear failure)
The shear resistance of a castellated or cellular member can be calculated
using as shear area th area of the web at the (weakest) pe forated section
(Chung, 2003), (Feldmann t al., 2006). However, according to th se
references, this calculation is quite conservative for deep web openings
and thick flanges and a portion of the flange area could also be included
in the shear area.
2.4.3.2 Shear buckling in web
Shear buckling is an already existing failure mode in which the web
will buckle locally under a high shear force, which is altered due to the
presence of the web openings (Fig. 2.11). It will occur for web openings
that can be considered as isolated openings due to their large spacing. It
has been studied in (Hagen et al., 2009), (Hagen and Larsen, 2009), (Lian,
2003), (Lian, 2004), (Shanmugam, 2002).
2.4.4 Local moment resistance (flexural failure)
When the normal stresses due to the global bending moment above
and below the opening reach the yield stress, plastic hinges are formed
(Fig. 2.12). This is the same failure mechanism that already exists for plain
webbed members, but the plastic moment of the cross-section should
be calculated using the (weakest) cross-section at the centre of the web-
opening according to (Halleux, 1967) and (Kerdal and Nethercot, 1984).
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Figure 2.12: Flexure mechanism. Extracted from(Halleux, 1967).
M 
M 
Figure 2.13: Lateral-torsional buckling of a cellular member.
2.5 Global failure modes
The research on the global failure behaviour by global buckling will be
expanded on in this part. Similar as for the local shear and moment
resistance discussed in Sections 2.4.3 and 2.4.4, these failure modes are
already existing for beams without web openings, but which will be
modified because of the effects of the web openings and the modified
imperfections.
2.5.1 Beams loaded in bending
Lateral-torsional buckling (LTB) can occur for relatively long members
loaded in bending, for which the compression flange is insufficiently
supported. It is a global buckling failure mode where the movement of
the buckled compressed part of the beam is restrained by the part of the
beam still in tension. This results in a sideways displacement and torsional
rotation of the cross-section (Fig. 2.13). Because of their increased height,
castellated or cellular beams are more susceptible to lateral-torsional
buckling. This failure mode can occur for laterally unsupported beams in
steel construction, but also during the construction phase of composite
beams or for composite beams subjected to a negative bending moment.
Currently, two design approaches exist for the LTB resistance calcula-
tion of cellular and castellated members. However, these guidelines give
conflicting results and lack clarity: one is very conservative, while the
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other could possibly be unsafe. An overview of these guidelines and their
problems, as well as existing literature on the subject will be given in the
following paragraphs.
2.5.1.1 Two design approaches
The design guidelines for lateral-torsional buckling can be subdivided into
two different groups. The first design approach for the LTB resistance is
based on the experimental work described in (Nethercot and Kerdal, 1982)
and (Gietzelt and Nethercot, 1983), where full-scale LTB experiments were
executed on eight castellated members. It was found that the openings
did not influence the LTB behaviour qualitatively: the buckled shape was
smooth at the openings. Furthermore, it was proposed that the cross-
sectional properties calculated for a section at the centre of the castellation
should be used for determining the LTB resistance, paired with the
approach used for plain-webbed I-section members. This approach will
be referred to in the remainder of this work as the 2T approach, named
after the two tees of which the section at the opening consists (Fig. 2.14).
2T approach The 2T approach is repeated in annex N of the European
pre-standard ENV3 (CEN, 1998). In the Dutch standard, the calculation of
the critical LTB moment Mcr is also based on this philosophy by proposing
a modified web thickness (Nederlands Normalisatie Instituut, 2000),
based on the torsional constant calculated at the centre of the web opening
for castellated members with Litzka4-geometries (cf. Appendix A.1). This
approach is also mentioned in (Ward, 1990). More details on the different
LTB curves for plain-webbed I-sections can be found in Section 4.3.2.
1T approach The second design approach was mentioned in the design
guidelines in (CTICM, 2006). According to this approach, the design
check for LTB is reduced to a buckling check of the compressed tee of
the member. The maximum compressive force in the compressed tee is
compared with the sideways flexural buckling resistance of this tee. A
EC3 approach is used for the calculation of the flexural buckling resistance
(cf. Section 4.3.1), in which the dimensionless slenderness is calculated
using the plastic load and the critical buckling load of the tee. The critical
load is the classical Euler buckling load, additionally accounting for the
variation of loads in the compressed tee with a factor. It was proposed
to use column buckling curve c. In this approach, the stabilizing effect of
the parts of the member in tension is fully neglected, as if the torsional
4Peiner-Schnittführung or Litzka-Schnittführung, named after Frank Litzka, the de-
veloper of an automatic fabrication procedure for castellated members in the middle of last
century.
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2T approach: lateral-torsional buckling of section at opening
1T approach: flexural buckling of compressed tee
Figure 2.14: 2T and 1T approach for the calculation of the LTB resis-
tance.
stiffness of the beam were non-existent. As a result, this approach is very
conservative (Nseir et al., 2012). This approach will be referred to as
the 1T approach. However, due to its conservative nature, it will not be
considered for the design rule proposals later in this work.
2.5.1.2 Recent research and literature
As part of the European project ’Lateral torsional buckling in steel and
composite beams’, the LTB of cellular members was examined at the
RWTH5 in Aachen (Maquoi et al., 2003). The research comprised an
experimental part in which twelve four-point bending LTB experiments
were executed on both cellular and castellated beams. Additionally, a
numerical model was built, validated by the experimental results. In
the numerical simulations, GMNIA6 analyses were done, using either
the measured initial geometric imperfections and an assumed residual
stress pattern in the flanges (identical to the one for the parent section),
either equivalent geometrical imperfections using the first buckling mode
shape. The measured dimensions were included in the model and an
elastic-plastic material law without hardening with the measured yield
stress was utilized.
Based on the experimental results in this work and from literature,
(Maquoi et al., 2003) proposed to use the 2T approach. The buckling
curves to use in this approach are given in Table 2.1, with the buckling
5Rheinisch-Westfälische Technische Hochschule.
6Geometric and Material non-linear Analysis with Imperfections.
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Table 2.1: Proposed LTB buckling curve choice for cellular and castel-
lated members in (Maquoi et al., 2003). Buckling curve formulation is
according to the general case (Section 6.3.2.2) in EC3 (CEN, 2005).
limits for depth-to-width
buckling curve
ratio of the cross-section
h/b≤2 a
h/b≥2 b
Table 2.2: Proposed LTB buckling curve choice for castellated members
in (Lakusic et al., 2008). Buckling curve formulation is according to the
general case (Section 6.3.2.2) in EC3 (CEN, 2005). The values for h/b≤2
are expected, but still have to be confirmed by experimental results.
limits for depth-to-width
buckling curve
ratio of the cross-section
h/b≤2. b
h/b≥2. c
curve formulation according to the general case (Section 6.3.2.2) in EC3
(CEN, 2005). However, it needs to be pointed out that this proposal was
made with γM1 = 1.1, while γM1 = 1.0 in Belgium now.
The buckling behaviour of five castellated members was also studied
experimentally at the University of Zagreb by executing three-point
bending tests (Lakusic et al., 2008). Based on the experimental results
and a probabilistic analysis, a similar approach was proposed, but with a
different LTB buckling curve choice (Table 2.2).
The LTB behaviour of cellular and Angelina beams was studied at
the EIA-FR7 in Switzerland (Nseir et al., 2012). In this study, four-point
bending tests were executed on two cellular beams and one Angelina
beam. The results were used to validate a finite element model, in which
the measured dimensions, imperfections and material behaviour were
included. The residual stresses were not measured and not included in
the model, due to the highly complex production process which made
the residual stress pattern very unpredictable. A numerical parametric
study was executed for a wide amount of cellular beam geometries. As
imperfections, both local en equivalent global geometric imperfections
were used (including both the effect of geometric imperfections and
residual stresses).
Based on the parametric study, (Nseir et al., 2012) proposed a design
7Ecole d’Ingénieurs et d’Architectes de Fribourg (University of Applied Sciences and
Arts Western Switzerland).
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Table 2.3: Proposed LTB buckling curve choice for cellular members in
(Nseir et al., 2012). Buckling curve formulation is according to Section
6.3.2.2 in EC3. (CEN, 2005).
limits for depth-to-width
buckling curve
ratio of the cross-section
independent of dimensions c
approach based on the 2T approach. Again, all cross-sectional properties
should be calculated at the centre of the web opening, but the buckling
curve selection differs from what was proposed in (Maquoi et al., 2003).
The proposed buckling curve is the same for all sections (Table 2.3), and
should be calculated according to the general case of Section 6.3.2.2 in EC3
(CEN, 2005). However, the effect of the moment distribution can be taken
into account using the expressions in Section 6.3.2.3 of EC3. More details
on the different LTB curves for plain-webbed I-sections can be found in
Section 4.3.2.
A last experimental study of the LTB behaviour of castellated beams
is described in (Zirakian and Showkati, 2006). In this study, six three-
point bending experiments were executed on castellated beams to study
lateral-distortional buckling, an interaction between local buckling and
lateral-torsional buckling which occurs for intermediate length members.
Because of this interaction, the cross-section will not remain rigid as
assumed during LTB, but will distort. As a result, the effective torsional
stiffness and the corresponding critical moment will be lower (more
details are given in (Bradford, 1992)). In the experiments, web distortion
could be seen. However, the agreement between the test failure loads and
the resistances obtained using 2T cross-sectional properties calculated at
the web opening location was reasonably good.
This lateral-distortional buckling behaviour was studied further nu-
merically in (Ellobody, 2011). According to this paper, a numerical
model was validated using the experimental results from (Zirakian and
Showkati, 2006), with nearly perfect results (the maximum deviation from
experimental results was 3%). In this model, the measured yield stress
values were used, the geometrical imperfection was the first eigenmode
with amplitude L/1000 and no residual stresses were introduced because
of their expected small influence8. This model was used to do a numerical
parametric study, which showed that the failure loads predicted according
to the Australian standard AS4100 could sometimes be unsafe, allegedly
due to web-distortion.
8This contradicts what will be shown in Section 3.3 for hot-rolled members. The author
believes that this is possibly due to the fact that this conclusion was drawn for more slender
cold-formed sections.
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In (Mohebkhah, 2004), a preliminary numerical study was done to
determine the influence of the bending moment variation along the
castellated beam on the LTB resistance. Again, the 2T approach was
used, but the plain-webbed member resistance was based on the AISC
guidelines. A similar study was done in (Sweedan, 2011), where the effect
of moment variation on the elastic critical LTB moment of cellular beams
was examined. It was found that the effect varied with the beams’ length
and the opening properties, due the influence of web-distortion on the
elastic LTB of cellular members.
Lastly, the effect of a central elastic lateral restraint on the LTB resis-
tance has been studied numerically and experimentally. In (Mohebkhah
and Showkati, 2005), the effect of a central lateral elastic restraint on the
LTB resistance of castellated members was investigated numerically. The
same subject was studied experimentally in (Showkati et al., 2012) with
nine LTB experiments of discretely braced castellated members, braced
elastically at the middle of the top flange with different stiffnesses.
Looking at the available literature and studies, it seems that the 2T
approach is the most widely used (and the least conservative) to calculate
the LTB resistance. However, some questions remain if one wants to use
this approach in combination with the EC3 approach. Firstly, it is not
yet clear which buckling curve should be used (or even which buckling
curve formulation, cf. Section 4.3.2). An additional problem concerns the
residual stresses. As will be shown in Section 3.3, these stresses have an
important influence on the LTB resistance of plain-webbed members and
it is not sure how the residual stresses in cellular or castellated members
will be altered because of the production process. This problem has not
been addressed in the numerical research cited above. The same goes for
the effect of the modified initial geometric imperfections, but it is expected
that this effect will be smaller (Boissonnade and Somja, 2012).
2.5.2 Columns loaded in compression
Since the design guidelines cited in Section 2.3 were written with cellular
or castellated beams in mind, no provision was made for the global
buckling failure of cellular and castellated columns. Only very little
research has been done on this subject, and it is not yet clear how the
resistance to global buckling of cellular or castellated columns should be
determined. In the following paragraphs, an overview of the (limited)
available literature on this subject will be given.
The elastic flexural buckling behaviour of cellular columns and coupled
twin-columns was investigated numerically in (Wilkinson and Roodbaraky,
1998). Here, it was shown that the critical load of pin-ended cellular
columns could be calculated using an equivalent uniform cross-section.
The cross-section geometry only depends on the opening diameter and
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spacing, but unfortunately no details were given on how to determine
the equivalent cross-sectional properties. Furthermore, these results are
more of a theoretical interest since they concern only the critical load and
not the buckling resistance (including the effect of geometric and material
non-linearities as well as geometric imperfections and residual stresses).
The strong-axis critical buckling load can be reduced due to shear
deformation (Timoshenko and Gere, 1961). While this effect is not very
pronounced for I-section columns, it has been shown that the shear
deformations have important effects on the buckling load of built-up
columns, and it is to be expected that this phenomenon will also play a role
for cellular or castellated columns. The influence of shear deformations
on the strong-axis elastic flexural buckling behaviour of these columns
was investigated in (Sweedan et al., 2009) and (El-Sawy et al., 2009). In
the papers, reduction factors are proposed for the critical strong axis buck-
ling load of cellular and castellated columns and an equivalent bending
stiffness is proposed. As expected, the influence of shear deformations
decreases with increasing column length and web post width, as well as
with decreasing opening heights.
In (Verweij, 2010) the global flexural buckling behaviour of cellular
columns was investigated. It was proposed to use the 2T approach
coupled with the EC3 rules for plain-webbed I-section columns. The
buckling curve choice appears to be based on the dimensions of the
2T-section as well. By comparing the obtained resistances with values
obtained from finite element simulations, this method was found to be
mostly safe (although sometimes too conservative). Unfortunately, no
definitive conclusions regarding the buckling curve choice can be drawn
from this research because of the use of equivalent imperfections in the
simulations (already implicitly containing information about the buckling
curve) and the lack of validation with experimental results from flexural
buckling experiments. Nevertheless, it is demonstrated that the flexural
buckling behaviour of cellular columns will be qualitatively the same as
the flexural buckling of plain-webbed I-sections.
To the author’s best knowledge, no research is available on the buck-
ling resistance of cellular or castellated columns, incorporating geometric
imperfections, residual stresses, material and geometric non-linearities.
Consequently, it is not known what the influence of these factors will be
on the buckling resistance of these columns. However, as will be shown
in Chapter 4, these factors will have an important influence on the global
buckling resistance.
2.5.3 Other loads and boundary conditions
Cellular or castellated members can be used as beam-columns, subjected
to both compression and bending. Additionally, they can be used with
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more complex boundary conditions and constraints: cellular beams in
composite construction (with a fixed top flange) subjected to a negative
bending moment (e.g. due to wind loads on roofs or in continuous beams),
simply supported cellular members which are discretely braced laterally,
cellular beam-columns fixed to a sandwich panel wall, etc.
Due to these local restraints, it is expected that the global buckling
behaviour will become more complex and the cross-sectional distortion
will become more important. As a result, the influence of the web stiffness
and hence the web openings will increase.
Design guidelines for these load cases and more realistic boundary con-
ditions are lacking. However, before tackling these more complex cases,
first the basic cases of flexural and lateral-torsional buckling behaviour of
cellular or castellated members needs to be investigated. In later research,
further complications in the form of more realistic load combinations and
boundary conditions and constraints can be investigated.
2.6 Link with research questions and thesis ob-
jectives
As shown in this section, two conflicting design methods are currently
used for the calculation of the LTB resistance of cellular and castellated
members. In the 1T approach, the torsional stiffness of the cross-section
is completely neglected, while in the 2T approach, the LTB resistance is
calculated as for a plain-webbed member but using the cross-sectional
properties calculated at the opening. The results for both approaches will
give very different results, which illustrates that the geometric effect of
the openings on the buckling load should be studied.
Currently, most researchers agree on the 2T approach. However, it is
unclear which buckling curve should be used, and a great variation exists
in the proposed buckling curve and the corresponding resistance. As a
result, it is unclear which buckling curve should be used. Additionally, it
is not certain whether the proposed LTB curve formulations are valid. If
they are based on experimental results, the number of tests is too limited
to draw definitive conclusions. On the other hand, if they are based on a
more extensive numerical parametric study, the effect of the production
process on the imperfections is not aptly taken into account. The biggest
factor in this will be the effect of the production process on the residual
stress pattern, which has never been studied. As a result, the possibly
adverse influence of the modified residual stress pattern on the global
buckling resistance is not considered, making the current design rule
proposals possibly incorrect or, even worse, unsafe.
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For compressed castellated or cellular columns, the research is very
limited and focuses mostly on the critical buckling load. To the author’s
best knowledge, no research exists in which the buckling resistance of
columns or beam-columns is studied, combining the effects of geometric
imperfections, residual stresses, material non-linear and geometric non-
linear behaviour.
In this work, the global buckling resistance of cellular and castellated
beams and columns will be studied experimentally and numerically. Since
this study is impossible without accounting for the modified residual
stresses, these will be determined experimentally for a number of geome-
tries.
28
CHAPTER 2. CELLULAR AND CASTELLATEDMEMBERS
2.7 Summary and conclusions
The most important points of this chapter on cellular and castellated
members are:
• Cellular and castellated members are I-section members with re-
spectively circular or hexagonal web openings evenly distributed
along their length.
• Cellular and castellated members are made by thermally cutting a
hot-rolled I-section member according to a certain pattern, shifting
both halves and rewelding them so that a member with increased
height is obtained.
• Because of their increased bending capacity, cellular and castellated
members are mostly used for applications in which they are loaded
in bending (beams), but they are also being used for beam-columns
and columns.
• The openings cause a change in the failure modes for these members:
new failure modes originate around the openings (e.g. Vierendeel
mechanism or web post buckling) and already existing failure
modes are modified (e.g. global failure modes such as lateral-
torsional buckling).
• Research for the global buckling behaviour of cellular and castel-
lated members is lacking. For beams, some research exists, but the
resulting design guidelines give conflicting results or are unclear.
For columns, almost no research is available, while research for
beam-columns is non-existing. A missing element in all existing
research is the influence of the residual stresses, which will be
modified during the fabrication procedure.
• Cellular and castellated members can be used for complex loading
and boundary conditions (e.g. beam-columns with discrete or
continuous bracing), but no guidelines exist on how to calculate
the resistance of these elements. However, before these complex
situations can be addressed, first the behaviour of these members in
basic loading cases and boundary conditions should be determined
clearly. These basic cases will be addressed in the remainder of this
work.
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Chapter3
State of the art: residual
stresses
In this chapter, an overview of the available literature regarding residual stresses
will be given. In the introduction, some general facts about residual stress
distributions due to hot-rolling and welding will be given, and their importance
will be highlighted. The second part will introduce the different measurement
techniques for residual stresses. Subsequently, earlier measurement results for
the residual stresses in the hot-rolled parent section will be reviewed in the third
part. Finally, the possible influence of the cutting and welding process during the
castellated and cellular members’ production will be reviewed in the fourth part.
3.1 Introduction
Residual stresses are internal stresses existing in a member which is not
subjected to external loads. Hence, they are always in internal static
equilibrium. Residual stresses can be induced in steel members through
two processes during the manufacturing process1. Firstly, residual stresses
can have a thermal origin, due to uneven cooling and the corresponding
differential plastic deformation in the member, originating from the
variability of the yield stress with temperature. Secondly, residual stresses
can be of mechanical nature, when they are formed because of cold-
deformation of the member.
An example of the first kind are the residual stresses due to a welding
process in a plate (Fig. 3.1). After welding, the locally heated part of the
plate will cool last. Upon cooling, it will undergo a thermal contraction,
1Only macroscopic residual stresses are considered in this work.
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Figure 3.1: Schematized thermal residual stresses in a welded plate.
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Figure 3.2: Mechanical residual stresses due to loading of a beam up to
the plastic moment Mpl and elastic unloading.
which will be restrained by the cooler and thus stiffer parts of the plate
surrounding it. Hence, the region in close vicinity to the weld will be
in residual tension, and the other regions of the plate will balance this
tension by being in compression. Most of the time, the regions which cool
last will be in residual tension, while the others are in compression.
An example of the second kind occurs when a beam is bended up to
its plastic moment Mpl and subsequently unloaded elastically (Fig. 3.2).
Residual stresses in hot-rolled I-section members are generated during
the cooling process of the beams after having passed through the rolling
mill. The flange tips will cool first and the locations where the flange
meets the web will cool last. Upon cooling of the latter, there will be
a thermal contraction at the web-to-flange intersections, which will be
restrained by the already cooled flange tips. As a result, the flange tips
will be in compression and the flange-web intersection will be in tension.
Depending on the cross-sectional geometry, initial temperature, material
properties and cooling conditions, the residual stresses in the flanges and
especially the web vary (Huber, 1956). If the web can cool quickly, there
will also be residual compressive stresses in the web centre. However, if
this is not the case, it is possible that the full web is in residual tension.
After the cooling of the beams, their straightness is measured and they
will be cold-straightened if necessary. The incidence of this procedure
during production is noticeable by the presence of ’yield lines’ occurring
on the flanges in the finished beam (Fig. 3.3). These lines are rust lines in
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Figure 3.3: Yield lines in the flanges of tested members.
the mill scale, inclined at an angle of 45° relative to the length-direction of
the beam (Lay and Ward, 1969). The straightening procedure will modify
the residual stresses once again. As a result, there is a great variability in
possible residual stress patterns. However, some standard residual stress
patterns were proposed (e.g. Figs. 3.5 and 3.7), taking into account some
of the most common production processes and most detrimental residual
stress patterns. The effect of cold-straightening was not included, because
it was shown that this process has an advantageous effect on the residual
stress pattern (cf. Section 3.3).
Mostly, residual stresses reduce the ultimate strength of a member,
by accelerating the onset of inelastic behaviour, thus increasing its flex-
ibility and reducing the buckling strength. For I-section members of
intermediate slenderness, the compressive stresses at the flange tips have
a detrimental effect on the stability of the member, both in compression
and bending. If buckling is prevented, the fully plastic resistance will
remain unaltered, but the deformations will be larger than in a member
without residual stresses.
As shown in Section 2.2, cellular or castellated members are made
from parent sections with an I-cross-section through a cutting, shifting
and rewelding process (Figs. 2.4 and 2.5). Both in the cutting and welding
processes, heat is introduced locally in the member. Because of these
additional processes required, additional variations and uncertainties are
induced in the residual stress problem. Hence, it is still unknown how
the production process of the cellular members will affect the already
present residual stresses in the parent sections. However, it is possible
that the resulting residual stress pattern in cellular members is more
disadvantageous for the member instability than the original residual
stress pattern.
3.2 Measurement techniques
A suitable residual stress measurement technique had to be chosen for the
experimental study of the residual stresses in castellated and cellular
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members, as well as in their parent sections, described later in this
work (cf. Chapter 6). The measurement techniques can be divided into
non-destructive and destructive techniques. Extensive overviews of the
possible measurement techniques are given in (Acevedo, 2011), (Tebedge
et al., 1971), (Withers et al., 2008).
The non-destructive methods are physical methods, in which a phys-
ical parameter related to the stress in the material is measured, such as
(among others) the conductivity, magnetic properties and the diffraction
in the material. The most important advantage of the non-destructive mea-
surement techniques are the possible material savings if a large amount of
measurements has to be executed. However, taking into account the
required penetration depth (equal to the material thickness) and the
feasibility and cost of the measurements, none of the non-destructive
methods were found suitable.
Destructive methods can also be described as relaxation methods, in
which the strain up to relaxation is measured instead of a direct mea-
surement of the residual stress. For this (partial) relaxation a disturbance
of the residual stress pattern is necessary by removal of material from
the specimen. Three destructive methods suited the required penetra-
tion depth: the contour method, the deep hole drilling method and the
sectioning method.
In the contour method, the specimen is cut into two at the location
where the residual stresses need to be measured. Subsequently, the
deformations of the cut surfaces are measured. Using a finite element
procedure, the stresses necessary to regain a flat surface are calculated,
thus obtaining the residual stresses (Prime, 2001). For this method, very
precise cutting and measurement techniques are required.
In the deep-hole drilling method, the drilling of a hole in a stress field
results in the elastic deformations in its vicinity. Measuring the strains
around the opening (e.g. with an electrical strain gage rosette) allows
for the calculation of residual stresses around the opening. However,
according to (Acevedo, 2011) this method is less reliable for residual
stresses higher than 60% of the yield stress.
The sectioning method is the oldest of all residual stress measurement
methods. In this method, the beam is cut into different longitudinal
sections by a series of transverse and longitudinal cuts (Fig. 3.4). By
measuring the strain difference before and after the cut, the longitudinal
stress in each section can be calculated. This method is used most often
for residual stress measurement in steel members (cf. Section 3.3).
Ultimately, the sectioning method was chosen to perform the measure-
ments because of the long-standing experience of our laboratory with this
method, as well as its straightforwardness and proven suitability for the
longitudinal residual stress measurement in steel members. According
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Figure 3.4: Overview of the cutting during the sectioning method.
to (Acevedo, 2011), this method is also one of the most precise residual
stress measurement methods, with a usual precision of ±10%.
3.3 Hot-rolled I-section members
In 1946, the Column Research Council (CRC)2 recommended to study the
effect of residual stresses on the strength of compression members (Beedle,
1951), because experiments had shown that residual stresses could have a
detrimental effect on the strength of these members. On account of this
recommendation, research at Lehigh started on the influence of residual
stresses on the column strength of hot-rolled I-section members. The
results of this research are summarized in (Beedle and Tall, 1960). More
details can be found in (Huber and Beedle, 1953), (Huber and Beedle,
1954), (Huber, 1956) and (Beedle and Huber, 1957). The most important
results of this research will be summarized in the following paragraphs.
It was found that the thermal residual stresses along the flange varied
parabolically, with compressive stresses at the edges and tensile stress
at the centre. The sign of the stresses in the web depended on the cross-
sectional dimensions. The variation of the thermal residual stresses was
found to be small along one member. While the variation in residual
stresses in material from one ingot was still relatively small, there were
larger variations for members from different lots. The largest variations
occurred for the webs, while the compressive flange tip stresses were
relatively constant. Little variation of the flange stresses in thickness
direction was found, provided that the thickness of the flanges was small.
Additionally, it was demonstrated that the thermal residual stresses due
to the hot-rolling process were independent of the yield stress of the steel.
The majority of the measured residual stresses were thermal residual
stresses, but some measurements were also done on cold-straightened
sections. Two procedures are used for cold-straightening. Firstly, a mem-
2The former Structural Stability Research Council (SSRC).
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ber can be straightening by rotorizing or roller-straightening by moving
a member through a number of slightly eccentric rollers. This method is
usually used for normal hot-rolled sections. Secondly, heavier sections can
be straightened by gagging them in a gag press at one or more locations.
Here the straightening happens by loading the simply supported member
locally by a central load. For member straightened by a rotorizing or
roller-straightening process, the effect of the straightening process is more
continuous along the member, while for heavier members straightened
locally by gagging, the straightening effect (and corresponding yielding)
was local with sections with undisturbed residual sections in between (Lay
and Ward, 1969). It was found that there was a good qualitative agreement
between the measured stresses in the cold-straightened sections and the
theoretically expected residual stress distributions. Furthermore, it was
shown that the thermal residual stress pattern was conservative, the
cold-bending residual stresses being not more critical than the thermal
residual stresses. Later, it was confirmed by other researchers that the
stresses in cold-straightened sections were more random but lower, hence
diminishing the effect of the residual stresses on column instability (Jez-
Gala, 1962), (Lay and Ward, 1969), (Frey, 1969), (Alpsten, 1975).
Through theoretical analysis, which was validated with experiments,
it was shown that the residual stresses could have a considerable det-
rimental influence on the buckling strength of columns, their influence
being more pronounced for weak-axis buckling. This is caused by the
accelerated onset of plasticity at the compressed flange tips, reducing
the cross-sections flexibility and the corresponding buckling resistance.
Evidently, the reduction in column strength is larger if the compressed
region of the flanges is larger.
In Table 3.1, an overview is given of the extreme values of the meas-
ured thermal residual stresses, in which a distinction was made between
beams and columns on the basis of their height-to-width ratio h/b (Beedle
and Tall, 1960). It can be seen that the compressive flange edge stresses
are larger for columns than for beams. This is caused by the faster cooling
of the flange edges for the beam type sections. For the beams, the web
will be relatively higher and it will cool quicker, resulting in compressive
stresses in both web centres and flange tips, which will result in lower
flange tip compressive stresses.
In the above research, the sectioning method was used to determine
the residual stresses. For the majority of the experiments, measurements
of the strain were done mechanically with a Whittemore strain gage over
a gage length with a magnitude of about 10” or 25 cm. However, in some
experiments, smaller strain gages were used. In (Huber, 1956), a 1” length
electrical strain gage was used to determine the residual strain. It was
found that there was no substantial difference with the 10” mechanical
gage length measurements.
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Table 3.1: Thermal residual stresses obtained during study in (Beedle
and Tall, 1960).
σres Flange Edge Flange Centre Web Centre
in Mpa* max avg min max avg min max avg min
columns
-53 -88 -129 114 32 -28 125 55 -107
(h/b ≤ 1.5)
beams
-28 -52 -74 167 104 57 -61 -150 -283
(h/b > 1.5)
*: values converted from ksi to MPa
Up to here, all mentioned research examined the influence of residual
stresses on column buckling. However, in (Galambos, 1963) the detri-
mental influence of residual stresses on the lateral-torsional buckling
behaviour of I-section beams is illustrated as well. By not taking into
account the effect of residual stresses on the loss of stiffness of the beam,
results that are up to 30% unsafe could be obtained.
Results of four Belgian residual stress measurements are given in
(Mas and Massonnet, 1966). There, it was seen that the residual stresses
in more compact cross-sections with thicker and more compact flanges
were less severe, because of the slower and more even cooling of the
cross-section after hot-rolling. This is confirmed by (Alpsten, 1968) and
(Tall and Alpsten, 1969b), where it was observed that the residual stress
magnitude increased with increasing ratios of the flange slenderness b/t f
to the web slenderness h/tw.
The results of residual stress measurements executed in Italy are given
in (Daddi and Mazzolani, 1971). Because of the straightening process,
there was a large variation in possible residual stress patterns. Here, it was
proposed to base the residual stress patterns on the envelope of possible
residual stresses in the flanges, and to calculate the residual stress in the
web based on equilibrium conditions.
In (Young, 1975b), results of residual stress measurements on British
non-cold-straightened and cold-straightened hot-rolled members are
given. Based on these measurements and on available measurements
from literature, Young proposed a residual stress model for all I-shapes,
for which the amplitudes could be calculated based on the ratio of the web
area to the total flange area AW/AF (Figs. 3.5 and 3.6). Also depicted in
Figure 3.5 is the residual stress pattern that was then utilized for American
sections. The main difference between both patterns are the stresses in
the web, which was due to the different cooling conditions in British
and American rolling mills: in British rolling mills, the webs could cool
quicker since the sections were spaced apart more than in American mills.
In (Alpsten, 1975), the effect of straightening by rotorizing was studied
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TABLE IV
SECTION
Ap
of
MN m"2
o f w
MN m-2
aw
MN m"2
COLUMN 0.3 +125 -100 +175
BEAMS 0.75 + 62 -144 +212
1.2 0 -188 +250
COLUMN
(U.S.A.) 0.3 + 75 - 50 - 50
Approximate formulae adopted for peak residual stresses in
hot-rolled Universal sections:
°f 165 (1 _AfcL1.2AF MN m
-2
fw -100 (0.7 + %*)
100 (15+ ^~) " "
A parabolic stress distribution is assumed in both flanges and web.
°?
w
-Cf
\ h^-7£
%
NL
C
- compression
T - tension -*c7u>
o) Cambridge (all I-shapes) b) 11.5. A. (coLumn shapes)
Figure 3. Comparison of assumed residual stress patterns
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Figure 3.5: Residual stress distribution proposed by Young for British
sections (a) and existing residual stress pattern used for American
sections (b). Extracted from (Young, 1975b).
extensively for Swedish hot-rolled members. It was found that this roller-
straightening procedure redistributed the unfavourable thermal residual
stresses in the flanges. Consequently, an increase in column trength
of up to 20% could be obtained from a suitable rotorizing procedure.
Because of the important economic benefits, Alpsten suggested to take
this advantageous effect into account by optimizing this procedure and
using adapted column curves.
However, in the Manual on Stability of steel Structures from the ECCS3,
the column buckling curves were calculated by taking into account only
the thermal residual stresses, thus neglecting the advantageous (but more
difficult to predict) effect of the straightening operations (ECCS, 1976).
In (ECCS, 1984), linear residual stress patterns for hot-rolled sections
were proposed (Fig. 3.7). A distinction was made between sections with
a height-to-width ratio h/b ≤ 1.2 and h/b > 1.2, with corresponding
residual stress magnitudes of 0.5*235 MPa and 0.3*235 MPa. These
patterns are nowadays predominantly used as the residual stress patterns
valid for hot-rolled beams in numerical simulations.
A more recent measurement of residual stresses was made in (Spoorenberg
et al., 2010). Here, electrical strain gages were used. The results of these
measurements were rather typical and the effect of cold-straightening
through rotorizing of the beams was noticeable in most measurements.
3.4 Influence of cutting and welding
Cellular members are made from I-section members through a thermal
cutting and welding process. Both processes will modify the residual
3European Convention for Constructional Steelwork.
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Figure 2 
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Figure 2. Residual stress pattern in hot-rolled I-section member: (a) according to ECCS [14]; (b) according to 
Young [13] 
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Figure 3.6: Residual stress distribution for hot-rolled members pro-
posed by Young in (Young, 1975b).
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Figure 3.7: Residual stress distribution for hot-rolled members pro-
posed by the ECCS in (ECCS, 1984).
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Fig. 16 Residual Stresses in a Flame-Cut Plate 16" x 2" Figure 3.8: Residual stresses in flame-cut thick plate, along the plate
width (thickness 2”). Stresses in ksi (1 ksi≈6.9 MPa). Extracted from
(Alpsten and Tall, 1969).
stresses present in the parent section, because of the necessary rearranging
of the residual stresses due to equilibrium requirements and the local heat
induced during the cutting and welding process.
3.4.1 Influence of cutting
To the author’s best knowledge, no research is available about the effect of
the thermal cutting of the web on the thermal residual stress distribution
in an I-section member. However, some literature is available on the
influence of thermal cutting on the residual stresses in steel plates, which
is expected to be relatively similar to the cutting of I-sections, for plates
cut at one side.
Residual stresses measurements results for thick flame-cut plates are
given in (Alpsten and Tall, 1969): the tensile residual stresses are very
high at the edges, and are balanced with compressive residual stresses
near the centre (Fig. 3.8).
In (Lay and Ward, 1969), the effect of longitudinal cutting of the
web of an I-section member containing residual stresses is mentioned.
If a member is cut longitudinally and is not being restrained, it will
curve or banana as shown in Fig. 3.9. The direction of the curvature
depends on the location of the cut, as it is a direct consequence of the
elastic rearrangement of the residual stresses due to the static equilibrium
requirements which must remain fulfilled. Because the neutral axis of the
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Cut line in I-section member 
Figure 3.9: Unrestrained members with residual stresses will curve
after cutting due to the elastic rebound.
separated member portion will usually be close to the flange, the effect
of the stress rearrangement will be small in the flanges and larger in the
web. If the member is restrained during cutting, this stress rearrangement
is prevented as the equilibrating forces will be applied externally. Apart
from the possible elastic rearrangement of residual stresses, the thermal
cutting of a member will also introduce tensile residual stresses at the
cut region, balanced by the stresses further from the cut. However, no
quantitative data are given for these thermal stresses.
The most relevant information is given in ECCS (1976), where a
proposal is made for the residual stress distribution in plates that are
flame-cut at one side and at two sides (Fig. 3.10). A narrow strip next to
the cut is subjected to tensile stresses equal to the yield stress fy, while
the residual stresses in the remainder of the plate preserve the static
equilibrium. For plates cut at one side, expressions are given below to
determine the residual stresses in Fig. 3.10. The width of the tension block
c f is given by expression 3.4.1, with t the plate thickness in mm and fy
the yield stress in MPa.
c f =
1100
√
t
fy
mm (3.4.1)
The longitudinal residual stresses σc (compressive, <0) and σt (tensile,
>0) are given by expressions 3.4.2 and 3.4.3, which can be determined by
expressing that the resultant normal force and bending moment should
be equal to zero.
σc = − fy.
c f .(4b− c f )
(b− c f )2
(3.4.2)
σt = fy.
c f .(2b + c f )
(b− c f )2
(3.4.3)
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Figure 3.10: Residual stress proposal for flame-cut plates. Based on
(ECCS, 1976).
3.4.2 Influence of welding
The heat distribution during the welding (and cutting) process was
studied mathematically in (Rosenthal, 1941). At the weld location, the
deposited molten weld metal will heat the surrounding base material
and the welded plate. According to Rosenthal, for the same welding
conditions, the heat affected zone will be larger in thin plates than in thick
plates. The width of the plate only has an effect on the general rise in
temperature after welding, and not on the behaviour in the proximity of
the weld.
In 1959, research began on the residual stresses in built-up members
and their influence on column instability under the guidance of the
Column Research Council, as an extension of the work already done for
hot-rolled members. The research done regarding thin plates (thickness
<1”) and smaller size shapes is summarized in (Tall, 1966), while further
details can be found in (Beedle and Tall, 1960), (Nagaraja Rao and Tall,
1960), (Nagaraja Rao and Tall, 1961), (Tall, 1964) and (Nagaraja Rao et al.,
1963). Details about the residual stresses in thick welded plates and heavy
welded shapes are summarized in (Alpsten and Tall, 1969). The results of
this research for fabricated I-section members and plates are given in the
following paragraphs.
For thin welded plates, the most important influences on the residual
stresses are the geometry of the plate, the welding type, welding speed
and cooling rate. It was shown that very high tensile stresses were present
at the weld (close to the yield stress of the weld, which could be 50%
higher than the yield stress of the bulk material). These tensile stresses
were balanced by compressive (or even tensile) stresses further away
from the weld. For thin plates (i.e. with a thickness smaller than 0.5”) the
residual stress distribution in thickness direction was found to be uniform.
Furthermore, the effect of multiple weld passes was studied: it was shown
that the variation of residual stresses in welded plates between successive
passes was low at the weld, but that the residual stress magnitude further
away could increase between passes.
For welded sections composed of thin plates, the residual stresses in
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Figure 3.11: Typical residual stress shape for built-up I-sections. Stresses
are given in ksi (1 ksi≈6.9 MPa). Extracted from (Beedle and Tall, 1960).
the section could be estimated by using the residual stress distribution of
the separate welded plates of which the member consists. In all fabricated
members, very high tensile stresses were present around the welds (at
the web-flange intersection), countered by compressive stresses at the
flange tips and in the web centre (Fig. 3.11). The compressive stress zone
at the flange tips being higher than for hot-rolled members, the buckling
strength of built-up members was appreciably lower than that of hot-
rolled members. Flame cutting the component plates could be beneficial
for the buckling resistance as some of the tensile stresses could remain
present at the flange edges, depending on the flange geometry. Generally,
the residual stress magnitude decreased with increasing member size,
caused by the decrease in relative heat input.
In ECCS (1976), a residual stress distribution is proposed for welded
plates (Fig. 3.12), based upon which a residual stress distribution for
welded shapes can be deduced. In a welded plate of width b, the tensile
stresses at the weld will be equal to the yield stress over a plate width cw,
which can be determined using expression 3.4.4 for a continuous weld.
In this expression p is the process efficiency factor, Aw the cross-sectional
area of added weld metal (in mm²), Σt the sum of the plate thicknesses
meeting at the weld (in mm) and fy the plate yield stress (in MPa). If a
previously flame-cut edge is welded, the tension block widths cannot be
algebraically added, as the welding relieves most of the flame-cutting
effect. In this case, the tension block width c f w can be calculated using
the empirical expression 3.4.5. This equation can also be used to predict
the final tension block width of multiple equally sized welds. For design
purposes, it may be assumed that the residual stresses in plates due to
hot-rolling, flame-cutting and welding can be added algebraically as long
there is no overlap between the tension blocks.
cw =
12000.p.Aw
fy.Σt
mm (3.4.4)
c4f w = c
4
f + c
4
w (3.4.5)
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Figure 3.12: Residual stress proposal for welded plates. Based on
(ECCS, 1976).
3.4.3 Castellated and cellular members
Similar as for welded plates and fabricated I-sections, it is to be expected
that the local heat input during both the cutting and welding process will
have some influence on the residual stresses of castellated and cellular
members.
During the cutting process, thermal tensile residual stresses will occur
along the cut, which will be balanced by compressive and tensile stresses
away from the cut (so that both the moment and normal equilibrium are
fulfilled). If the section halves are not restrained, the residual stresses will
undergo the additional effect of the static rearrangement of the residual
stresses and the member halves will banana (cf. Fig. 3.9).
When both halves are welded together, the members are straightened
against a heavy beam so that the resulting cellular members are straight.
As a result, the equilibrating moment will be delivered externally. How-
ever some effect of the stress rearrangement is still expected because of the
necessary normal equilibrium. This effect is difficult to predict beforehand
because the cut line in the web is not straight. Additionally, the thermal
effects will play an important role in the final residual stress pattern: the
effect of the cutting process will be combined with the effect of the welding
process, which could result in an increase of the compressive residual
stresses in the flanges, which could be detrimental for the buckling
resistance of the cellular and castellated members. Unfortunately, no
research is available regarding the residual stresses in castellated or
cellular members.
In recent numerical global buckling simulations, three possible ap-
proaches exist for the residual stresses, but the possible modification of
the residual stresses due to the fabrication of the cellular and castellated
members was not taken into account. In a first approach, the residual
stresses and geometric imperfections were combined in an equivalent
geometric imperfection (Nseir et al., 2012), (Verweij, 2010). Since the equiv-
alent imperfection size was chosen based on the existing EC3 guidelines
for members without web-openings, no allowance was made for the
possible modification. In a second approach, the residual flange stresses
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Figure 3.13: Assumed heated zone for preliminary σres calculations in
(Boey, 2011).
(which determine the resistance) were chosen equal to the residual stresses
prescribed for hot-rolled members by the ECCS (Fig. 3.7) (Maquoi et al.,
2003). In a third approach, used in (Ellobody, 2011), (Mohebkhah, 2004),
(Mohebkhah and Showkati, 2005), the residual stresses are neglected
altogether, which will result in unsafe numerical results.
A preliminary study of the effect of the production process of cellular
members on their residual stresses was done in a master thesis supervised
by the author (Boey, 2011), by means of a numerical study for 16 different
cellular member geometries with steel grade S235. The effect of the
heat input due to the cutting process was neglected in this study, while
the welding process was studied by simplified simulations in Abaqus
(Dassault Systèmes, 2009). The heat input during this processes was
simulated by defining a heated zone (with a temperature of 1500°C) at
the location of the weld (Fig. 3.13). In a thermal analysis, the temperature
variation in the member was found, which was imported in a mechanical
analysis with temperature dependent material properties. The height of
the heated zone between the openings in the web was taken equal to half
the height of the opening. In the mechanical simulations, the residual
stress patterns in the parent sections were based on Fig. 3.7.
The results of the simulations in (Boey, 2011) demonstrated that the
compressive stresses at the flange tips in the area above the openings
could increase because of the production process. In the area between the
flanges, the magnitude of the flange tip compressive stresses decreased.
Taking into account the most detrimental residual stress patterns that
could be derived from the results, the magnitude of the compressive
residual stresses could increase with 50 MPa, which has an adverse effect
on the member stability. It should be emphasized that these results are
preliminary and that they should be confirmed by further experimental
(and numerical) research.
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3.5 Link with research questions and thesis ob-
jectives
In this chapter, the important detrimental influence of the residual stresses
on the global buckling behaviour of I-section members has been illus-
trated. Since the same factors will also play a role in the cellular member
global buckling resistance, the effect of the residual stresses must also be
correctly accounted for here.
During the production process of cellular and castellated members,
heat is introduced locally into the member, which will influence the
residual stress pattern. Although this has been investigated for plates and
fabricated sections, no results are available for cellular or castellated mem-
bers. Nevertheless, it is possible that the welding during the production
of these members influences the present residual stresses detrimentally.
Thus, an investigation of the residual stresses in cellular and castellated
members is necessary, so that the influence of the fabrication procedure
on the residual stresses and the corresponding buckling resistance can be
determined. The wide variety in possible residual stress patterns could
be dealt with using the same pragmatic approach as the one used for
the investigation of residual stresses in plain-webbed members, where
the worst case residual thermal stresses were proposed as the standard
residual stress patterns.
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3.6 Summary and conclusions
In this chapter, the existing literature about residual stresses is reviewed.
It can be concluded that:
• Residual stresses are internal stresses which are in static equilibrium,
induced in an I-section member by thermal or mechanical effects.
• In a hot-rolled I-section, the thermal residual stresses in the flange
are compressive at the edges and tensile at the centre. The residual
stress pattern in the web varies depending on the cooling conditions
and section dimensions.
• The compressive residual stresses at the flange edges have a detri-
mental effect on the buckling resistance, both for flexural buckling
and lateral-torsional buckling.
• During the straightening process after the cooling of the members,
the residual stresses in the flanges will mechanically redistributed.
Because the influence of the straightening process was never det-
rimental for the buckling load of the hot-rolled I-section members
and very difficult to predict, it was decided not to include this
mechanical effect in the resistance calculations.
• It is very difficult to exactly predict residual stresses. Currently,
a pragmatic approach is still used, where the most detrimental
thermal residual stress patterns that could be determined from the
measurements were used in the resistance calculations.
• No residual stress measurements for castellated or cellular members
have been reported on. However, it is very well possible that the
production process has a detrimental influence on the residual
stresses (and increases the compressive flange stresses), because
of the local heat introduction in the web during the cutting and
welding of the section.
• Because of the significant detrimental influence of residual stresses
on the buckling resistance of I-section members and the possible
adverse effect of the production process of cellular and castellated
members on the already present residual stresses, an investigation
of the residual stresses in these members is necessary.
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Chapter4
State of the art: global
buckling of doubly
symmetric I-section beams
In this chapter, an overview will be given of the elastic critical buckling loads
and the buckling resistances of simply supported members loaded in bending or
compression. After a short introduction, the definition of the cross-section and
the cross-sectional properties will be given. Subsequently, the expressions for
the critical buckling loads will be given, after which the buckling resistance of
I-section members will be addressed. In this last part, the assumptions made when
drafting the buckling curves and some of the problems regarding the current
buckling curves for lateral-torsional buckling will be explained.
4.1 General
In this part, only the global buckling failure of members which meet the
following constraints will be addressed (cf. Section 1.3 and Fig. 4.1):
• the members are simply supported, with fork-supports at the end
(these supports locally prevent the torsional rotation, but not the
warping);
• the members have a doubly symmetric I-section: the centre of
gravity G coincides with the shear centre D and the principal axes
coincide with the axes of symmetry;
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Figure 4.1: Definition of axes, displacements, boundary conditions and
loads.
• the member is loaded by either a central axial normal force N or a
constant strong-axis bending moment M;
• the member can develop its full plastic resistance before buckling
locally: the member’s cross-section class is 1 or 2.
According to the elastic buckling theory (Trahair, 1993), a perfectly
straight elastic member loaded in bending or compression may fail sud-
denly by bifurcation or branching of the load-deflection path. This
bifurcation will occur at the critical load or elastic buckling load. After
bifurcation, the original path ( 1© in Fig. 4.2) will become unstable, and
small disturbances will cause the member to snap to the lower horizontal
path 2©.
However, real members are never perfectly straight and will have
certain geometric imperfections and load eccentricities. Furthermore,
the behaviour will be geometrically non-linear. Once this is taken into
account, the load-deflection path will vary more smoothly ( 3© in Fig. 4.2).
Furthermore, the material behaviour of steel will not remain elastic, but
will rather be elastic-plastic, and other imperfections such as residual
stresses are possible. As a result, the load-deflection behaviour at buckling
will often approach curve 4©, in which a maximum load is reached, which
will be called the buckling resistance.
The unloading behaviour past the maximum point will only occur
in reality if the loading can decrease, e.g. in a numerical analysis or
deflection-controlled experiment. However, the load does not always
decrease in a deflection diagram, as the deflections could have a stabilizing
effect, which results in an increasing load-deflection curve, even past the
critical load value. This can occur for lateral-torsional buckling, in which
the deflections in z-direction caused by the bending moment about the
50
CHAPTER 4. STATE OF THE ART: GLOBAL BUCKLING OF
DOUBLY SYMMETRIC I-SECTION BEAMS
Bifurcation
Buckling
resistance
Critical
buckling load
     Buckling
Displacement
Load
     Geometric non-linearity
    Linear
    Material and geometricnon-linearities
2
3
1
4
Figure 4.2: General structural behaviour of a member. Based on (Trahair,
1993).
y-axis will have a stabilizing effect on the buckling behaviour (cf. Fig. 4.1
and Section 4.3.2).
4.1.1 Cross-sectional properties
As mentioned above, only simply supported members loaded in bending
or compression will be considered, as shown in Fig. 4.1. The principal
axes are the y- and z-axes, while the x-axis is in the member’s direction.
The members length is L, the height h and the width b. The thickness of
the flange is t f and the web thickness is tw. The fillet between the web and
the flanges has a radius r. These cross-sectional dimensions are shown in
Fig. 4.3.
In the equations below, a wire model is used for the cross-section,
assuming that the weight of each part is concentrated on its centreline.
While the omission of the fillets and the overlap at the web-flange intersec-
tion somewhat counteract each other, there will still be some significant
differences between the thus calculated properties and the real properties
of hot-rolled members: in reality, the torsional constant and the plastic
section modulus will be larger. In (Taras, 2010), it has been shown that the
buckling curves obtained using a numerical model without and with fillets
are similar, since they are determined by the dimensionless parameters
λ¯ and χ (cf. Section 4.3). Since the buckling curves will be determined
using a finite element model constructed out of shell elements without
the fillet, a wire model is used for the calculation of the cross-sectional
properties. While a buckling curve obtained using a wire model is valid
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Figure 4.3: I-section geometry.
for all calculations, it would not be economic to use the wire model for
the resistance calculation: in this latter case, it is advised to include the
effect of the fillet in the cross-sectional properties.
The second moments of area around the y- and z-axis (Iy and Iz) can be
calculated using equations 4.1.1 and 4.1.2 . According to the axes location
shown in Fig. 4.3 , Iy > Iz, making the z-axis the weak axis and the y-axis
the strong axis. The polar moment of inertia I0 is given by Eq. 4.1.3.
Iy = 2
bt3f
12
+ 2bt f
(h− t f
2
)2
+
(
h− t f
)3
tw
12
(4.1.1)
Iz = 2
b³t f
12
+
(h− t f )t3w
12
(4.1.2)
I0 = Iy + Iz (4.1.3)
The torsional constant It is given by Eq. 4.1.4, while the warping
constant Iw is given by Eq. 4.1.5.
It =
(h− t f ) · t3w
16
[
16
3
− 3.36 tw
(h− t f )
(
1− t
4
w
12 · (h− t f )4
)]
+2
bt3f
16
[
16
3
− 3.36 t f
b
(
1−
t4f
12b4
)]
(4.1.4)
Iw =
h²
2
· b³t f
12
(4.1.5)
The area of the cross-section A is calculated by Eq. 4.1.6, while the
elastic section moduli Wy,el and Wz,el , as well as the plastic section modu-
lus Wy,pl can be determined using Equations 4.1.7-4.1.9 (Wy is the modulus
for strong axis bending, and Wz for weak-axis bending).
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A = 2bt f + (h− t f )tw (4.1.6)
Wy,el =
2Iy
h
(4.1.7)
Wz,el =
2Iz
b
(4.1.8)
Wy,pl = bt f
(
h− t f
)
+
(h− t f
2
)2
tw (4.1.9)
4.2 Critical buckling load
In order to find the critical value of the applied loads for a perfectly
straight elastic member, a set of differential equations must be solved.
This set is obtained by expressing static equilibrium of a deformed portion
of the member using the virtual work theorem. In these equations, it is
assumed that the cross-section’s shape remains constant during buckling.
A complete overview of the global elastic buckling behaviour is given in
(Trahair, 1993).
4.2.1 Ncr
A doubly symmetric column subjected to a central normal load will fail
by flexural buckling (FB) about one of the principal axes or by torsional
buckling (TB). Thus, the critical buckling load Ncr is the minimum of the
strong-axis buckling load Ncr,y, the weak-axis buckling load Ncr,z and the
torsional buckling load Ncr,t (Eqs. 4.2.1-4.2.4). In the given equations, E is
the modulus of elasticity and G the shear modulus.
Ncr = min(Ncr,y, Ncr,z, Ncr,t) (4.2.1)
Ncr,y =
pi²EIy
L²
(4.2.2)
Ncr,z =
pi²EIz
L²
(4.2.3)
Ncr,t =
A
I0
(
GIt +
pi2EIw
L2
)
(4.2.4)
The corresponding cross-sectional displacements are drawn in Fig. 4.4:
during weak-axis buckling (a), the cross-section will undergo a displace-
ment v in y-direction, while the displacement during strong-axis buckling
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Figure 4.4: Displacement of the cross-section at Ncr: (a) weak-axis flex-
ural buckling, (b) strong-axis flexural buckling, (c) torsional buckling.
will be in z-direction (b). During torsional buckling, the column’s cross-
section will solely rotate about the longitudinal x-axis over an angle ϕ (c).
The displacement amplitude will vary along the member’s length as a
half sine wave.
Since Iy > Iz, flexural buckling will only occur about the weak axis,
as Ncr,z < Ncr,y. Generally Ncr,z < Ncr,t for simply supported I-section
columns, so these columns will fail by weak-axis flexural buckling, except
for deviations geometries with low h/b, low tw/t f or low tw/h and t f /b
(Trahair, 1993).
The post-buckling behaviour is (weakly) stable for flexural buckling:
the load-deflection path rises slightly, so that small increases above the
critical load correspond with large deflections (Trahair, 1993), (Van Impe,
2010).
4.2.2 Mcr
A doubly symmetric beam loaded by a constant bending moment will
buckle by lateral-torsional buckling (LTB) at the critical moment Mcr. This
buckling mode is caused by the sideways buckling of the compressed top
half of the beam, restrained by the bottom half in tension, resulting in a
lateral and torsional displacement of the cross-section (Fig. 4.5). As can
be seen in the Mcr expression (Eq. 4.2.5), both the weak-axis flexural and
torsional resistances contribute to the beam’s buckling resistance.
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√
Ncr,zNcr,t (4.2.5)
Ac ording to (Trahair, 1993), the pre-buckling deflections increase the
elastic resistance. The deflections transform the beam into a ’negative
arch’ with a concave curvature, which increases the buckling resistance.
Similarly, the post-buckling load-deflection path rises.
For the relatively short length beams, the cross-section in the buckled
shape could distort (as shown in Fig. 4.6) and lateral-distortional buckling
(LDB) will occur instead of lateral-torsional buckling (Schafer and Ádány,
2005). The web-distortion is due to an interaction between local buckling
for shorter beam lengths and global LTB for longer beams. Because of the
web distortion, the effective torsional stiffness of the beam will decrease,
which entails a reduction of the critical moment Mcr. In (Bradford, 1992), it
is demonstrated that this reduction, which is more prominent for members
with thick flanges and slender webs, decreases with increasing beam
length. Furthermore, the interaction of LDB with steel plasticity was also
investigated, and it was concluded that the effect of LDB disappeared
almost completely when the steel’s plastic behaviour was taken into
account, as realistic shorter length steel beams will fail by plastic yielding
or squashing instead of elastic buckling.
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4.3 Buckling resistance: buckling curves
In the previous part, the critical buckling loads for a perfectly straight and
elastic member were shown. However, real members will not fail at this
critical load value, as the steel member will display non-linear material
and geometric behaviour, and will be subjected to imperfections such
as geometric imperfections and residual stresses. The influence of these
factors is included in the expression for the buckling resistance.
According to Eurocode 3 (CEN, 2005) (which will be further referred
to as EC3), the buckling resistance of a member is determined by the
following factors:
• the elastic critical buckling load, which takes into account the ef-
fects of the member’s geometry and elastic stiffness, as well as the
boundary conditions;
• the plastic resistance, which is determined by the member’s geo-
metry and yield stress;
• the imperfections, which determine the applicable buckling curve.
The imperfections can be both geometric imperfections (such as the
non-straightness of the member or an eccentric load application)
and material imperfections (such as residual stresses and the uneven
distribution of the yield stress across a member’s cross-section).
First, the expressions for the column buckling resistance according to EC3
will be summarized, as well as their derivation, based on the flexural
buckling case. Subsequently, the new and future EC3 design methods for
the beam LTB resistance will be discussed. The focus of this work, and
consequently also of the next paragraphs is weak-axis flexural buckling
and lateral-torsional buckling.
4.3.1 Column buckling resistance Nb,Rd
The buckling resistance of a column can be determined using buckling
curves as will be explained in the next paragraph. Currently, all buckling
curves are based on the curve derived for flexural buckling, which was
the result of almost 20 years of research. The mechanically consistent
derivation of the flexural buckling curve expressions will be discussed
briefly in the second part.
4.3.1.1 Current EC3 approach: column buckling curves
According to EC3, the normal resistance NRd of an I-section member is
given by Eq. 4.3.1, in which fy is the yield stress and γM1 is the the partial
56
CHAPTER 4. STATE OF THE ART: GLOBAL BUCKLING OF
DOUBLY SYMMETRIC I-SECTION BEAMS
0.2 1.0 2.0 3.00
1
a0abcd
pl
el
[-]
[-]
0.5 1.5 2.5
Figure 4.7: EC3 buckling curves a0 − d.
factor for ’the resistance of members to instability assessed by members
checks’. The value of γM1 is a nationally determined parameter, for which
a value of 1.0 is recommended for buildings. In the Belgian National
Annex, it is confirmed that γM1 equals 1 (NBN, 2010).
NRd =
χA fy
γM1
(4.3.1)
The reduction factor χ is determined by the value of the non-dimensional
slenderness λ¯ (given by Eq. 4.3.2) and the applicable buckling curve, as
shown in Fig. 4.7. These curves represent the influence of imperfections
(such as the residual stresses and geometric imperfections) on the buckling
failure behaviour of the member. For low values of λ¯, the reduction factor
χ will approach χpl = 1 and the resistance will be determined by the
plastic resistance. For high slendernesses, χ will approach χel = 1/λ¯²,
so that the buckling resistance will be determined by the critical load:
NRd = Ncr. For intermediate values of λ¯ (around the region of λ¯=0.5 up
to 1.5), the influence of the imperfections will be most pronounced.
λ¯ =
√
A fy
Ncr
(4.3.2)
The reduction factor χ can be calculated using Equations 4.3.3 and
4.3.4. The imperfection factor α corresponds with the applicable buckling
curve according to Table 4.1. A portion of this buckling curve selection
diagram for I-section members is shown in Table 4.2 (the reader is referred
to EC3 for the complete table). The buckling curve selection depends on
the cross-section geometry, buckling direction and the yield stress of the
material.
For the flexural buckling case, Table 4.2 can be used directly, while for
torsional buckling the buckling curve can be determined using the same
table, but considering buckling about the z-axis. The selection for the
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Table 4.1: Imperfection factors α for buckling curves.
buckling curve a0 a b c d
imperfection factor α 0.13 0.21 0.34 0.49 0.76
Table 4.2: Buckling curve choice.
cross-section buckling S235 S460type axis - S420
rolled
h/b > 1.2 y a a0
t f ≤ 40mm z b a0
h/b ≤ 1.2 y b a
t f ≤ 100mm z c a
welded t f ≤ 40mm y b bz c c
flexural buckling case is mostly determined by the residual stresses, which
will have more influence for weak axis buckling and lower yield stress,
and will be more detrimental for lower depth-to-width ratios (Fig. 3.7).
χ =
1
φ+
√
φ²− λ¯²
≤ 1.0 (4.3.3)
φ = 0.5
[
1 + α(λ¯− 0.2) + λ¯²] (4.3.4)
4.3.1.2 Derivation of flexural buckling curves: basis of EC3 approach
The column buckling curves in EC3 were derived for the case of flexural
buckling of a simply supported column. These curves were based on
the results of a large European experimental campaign, coordinated by
the ECCS, which contained more than 1000 buckling tests in 7 countries
(Sfintesco, 1970); (Jacquet, 1970). The specimens were fabricated in the
different cooperating countries according to the habitual fabrication pro-
cedure for the members. After fabrication, no straightening occurred
(the members were chosen to be ’droite à l’œil’), so that the residual
stress pattern did not include the possible advantageous effect of the
straightening. Since only a limited number of (smaller) cross-sections were
used for the experiments and all columns failed by weak-axis buckling,
the experimental results were supplemented with numerical results in
order to obtain buckling curves for a larger variety of cross-sections, as
well as for strong-axis flexural buckling.
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Figure 4.8: Proposed buckling curves by (Beer and Schulz, 1970). Based
on (Beer and Schulz, 1970).
The numerical modelling consisted of GMNIA calculations on a simply
supported column with nominal dimensions and deterministic imper-
fections (the so-called model column) (Beer and Schulz, 1970). As im-
perfections, a lateral half-sine wave with amplitude L/1000 was used
as geometric imperfection and the ECCS residual stress patterns from
Fig. 3.7 was used as material imperfection. The thus obtained numerical
results agreed well with the buckling curve obtained using the mean
values minus twice the standard deviation (m-2s) of the test results.
For the model column proposed in (Beer and Schulz, 1970), the detri-
mental imperfection amplitude of L/1000 was assumed to cover the effect
of the load eccentricities. Since the shape of the initial imperfection was far
less important than the amplitude, a half-sine wave shape corresponding
with the first eigenmode was chosen. The variation of the yield stress
across the section could be neglected compared with the influence of the
residual stresses, additionally taking into account that the flange yield
stresses determine the resistance for a large part.
In (Beer and Schulz, 1970), three buckling curves were proposed
(Fig. 4.8). This proposal received two important criticisms (Maquoi and
Rondal, 1978). Firstly, the buckling curves were too conservative for small
values of λ¯ because the effect of strain hardening was not taken into
account (Young, 1975a). Secondly, the number of buckling curves was too
small: both a lower and higher curve were necessary in order to account
for very detrimental residual stress effects for some geometries, as well
as enabling the economic use of higher strength steels such as S460 (for
which the effect of the residual stresses was negligible). These criticisms
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were met in (ECCS, 1978), where numerical values for five buckling curves
were proposed, all of which included a plateau for stocky columns (χ=1
for λ¯ ≤ 0.2). The different buckling curves were represented by means of
tabular data for the different values of λ¯.
The next step was to find an analytical formulation for the buckling
curves. In (Maquoi and Rondal, 1978), an approach based on the Ayton-
Perry formula was proposed. In this formula, the stress at the most
compressed fibre of a compressed member with half-sine wave imperfec-
tion with amplitude e¯0 is calculated using the second order internal forces
(Fig. 4.9). Failure is defined as the attainment of the yield stress fy at this
most compressed fibre (Eq. 4.3.5). In this expression, the total deflection
is calculated as the initial imperfection amplitude e¯0, multiplied by the
elastic buckling amplification factor
1
1− N/Ncr .
N
A
+
N
Wel
e¯0
1− NNcr
≤ fy (4.3.5)
If the failure occurs for N = NRd, Eq. 4.3.5 can be reworked using
χ = NRdA fy , λ¯ =
√
A fy/Ncr and η = Ae0/Wel , obtaining the EC3 Eq. 4.3.3,
but with a different expression for φ (Eq. 4.3.7).
χ =
1
φ+
√
φ²− λ¯²
≤ 1.0 (4.3.6)
φ = 0.5
[
1 + η + λ¯²
]
(4.3.7)
In a next step, the imperfection factor η, which originally represented
solely the geometric imperfection, was replaced with a more general
equivalent imperfection factor, including other effects such as the residual
stresses. In (Maquoi and Rondal, 1978), different expressions for the im-
perfection factor η were proposed, and their agreement with the buckling
curves proposed by the ECCS was examined. It was found that both
η = α(λ¯− 0.2) and η = α√λ¯2 − 0.22 gave a very good agreement with
the buckling curves for calibrated values of α. In (Rondal and Maquoi,
1979), it was proposed to use η = α(λ¯− 0.2), thus obtaining the current
buckling curve expression. The linear variation of η with the buckling
length finds its origin in the assumed imperfection amplitude of L/1000
in the numerical calculations, which is also a linear function of the length.
Due to the consistent mechanical reasoning behind the flexural buckling
curve expressions, the expressions are transparent and the buckling curve
choice is easily understandable.
Above, only a very concise overview was given of the development
of the buckling curves. More details and criticisms can be found in the
PhD thesis of Taras (Taras, 2010). In this thesis, it is also illustrated that
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Figure 4.9: Used geometry for Ayton-Perry formula.
the reliability level of the current flexural buckling curves varies with
the length, which is due to the semi-probabilistic approach in which a
’model column’ as described above is used (taking into account that the
results of this model column agreed well with the test results and the
desired reliability level). Furthermore, the implications of the increase of
the geometric tolerance (to L/750) are discussed together with possible
scenarios for adjusting the buckling curves (paired with the assumed
value of γM1).
As mentioned above, EC3 suggests to use the flexural buckling curves
also for the torsional buckling case. Due to the focus of the current work
on weak-axis flexural buckling and lateral-torsional buckling, the reader
is referred to (Taras, 2010) for more comments on this design method and
an altered design proposal.
4.3.2 Beam buckling resistance Mb,Rd
As will be explained in the first section, the current EC3 approach to cal-
culate the LTB resistance uses the flexural buckling curves, with possible
modifications for some specific cases. Because of the lacking consistent
mechanical derivation, this causes some inconsistencies and makes it
difficult to understand the rationale behind a certain buckling curve
choice (Taras, 2010). Consequently, a new approach has been proposed
based on this work, which will be clarified in the second section.
4.3.2.1 Current EC3 approach
According to EC3, the design LTB resistance of a laterally unrestrained
beam MRd can be calculated using Eq. 4.3.8, in which Wy is the appropriate
section modulus (the plastic section modulus Wy,pl for class 1 or 2 cross-
sections) and χLT the reduction factor for lateral-torsional buckling. In
the current version of EC3, two methods are present to calculate the χLT .
The first method is called the ’general method’ (Section 6.3.2.2 of EC3)
and uses the flexural buckling curves. However, for rolled or equivalent
welded sections, the LTB reduction factor χLT may be determined using
the ’specific method’ corresponding with Section 6.3.2.3 of EC3.
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Table 4.3: Imperfection factors α for lateral-torsional buckling curves.
buckling curve a b c d
imperfection factor α 0.21 0.34 0.49 0.76
Table 4.4: Lateral-torsional buckling curve selection according to the
general method of EC3.
cross-section buckling
type curve
rolled h/b ≤ 2 ah/b > 2 b
welded h/b ≤ 2 ch/b > 2 d
other - d
MRd =
χLTWy fy
γM1
(4.3.8)
General method According to the general method in Section 6.3.2.2 of
EC3, the LTB reduction factor χLT can be calculated using the flexural-
torsional buckling curve expressions according to Eq. 4.3.9-4.3.11, in which
Mcr takes into account the loading conditions, moment distribution and
lateral restraints. The imperfection factor αLT for the lateral-torsional
buckling curves can be determined using Tables 4.3 and 4.4. The buckling
curve selection is rather rough and is based on the tendency of higher
and less compact cross-sections to have a lower LTB resistance, combined
with the fact that the present residual stresses are more detrimental for
welded sections.
χLT =
1
φLT +
√
φ2LT − λ¯2LT
≤ 1.0 (4.3.9)
φLT = 0.5
[
1 + αLT(λ¯LT − 0.2) + λ¯2LT
]
(4.3.10)
λ¯LT =
√
Wy fy
Mcr
(4.3.11)
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Table 4.5: Lateral-torsional buckling curve selection according to the
specific method of EC3.
cross-section buckling
type curve
rolled h/b ≤ 2 bh/b > 2 c
welded h/b ≤ 2 ch/b > 2 d
Specific method For beams with rolled sections or equivalent welded
sections (within the same range of dimensions as the standard hot-rolled
sections), a second method may be used according to EC3 (Section 6.3.2.3
of EC3). Here, the expressions for χLT and φLT are modified (Eq. 4.3.12-
4.3.13). The values of β and λ¯LT,0 are nationally determined parameters,
but EC3 recommends the use of λ¯LT,0 = 0.4 (which is also the maximum
allowed value) and β = 0.75 (also the minimum value). The reasoning
behind these modifications is explained in (ECCS, 2006) and (Villette,
2002). The increase of the plastic plateau length λ¯LT,0 to 0.4 is based on
experimental results and takes into account the additional restraining
effects of the supports (more so than the theoretically assumed fork-
supports) for short beams in practical structures. Because of this effect,
multiple previous national codes (based on experimental results) included
a plateau length of 0.4. The factor β increases the reduction factor for
high values of λ¯LT , as a result of which an additional check is required
(cf. Eq. 4.3.12) so that the resistance does not surpass the elastic buckling
resistance1. The buckling curves are selected using Table 4.5, for which
the corresponding imperfection factors α are given in Table 4.3.
χLT =
1
φLT +
√
φ2LT − βλ¯2LT
≤ min
(
1.0,
1
λ¯2LT
)
(4.3.12)
φLT = 0.5
[
1 + αLT(λ¯LT − λ¯LT,0) + βλ¯2LT
]
(4.3.13)
If the moment distribution along the beam is non-constant, the LTB
resistance will be higher due to two beneficial effects. Firstly, the critical
LTB moment Mcr will be higher, which decreases λ¯LT (and will increase
χLT). Secondly, the plastic zone sizes will be reduced. The specific method
allows for taking into account this second beneficial effect by proposing a
modified reduction factor χLT,mod with a factor f ≤ 1 which is a function
of λ¯LT and the moment distribution (Eq. 4.3.14). If this factor is used,
1However, this is theoretically possible for big deformations.
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this method is generally referred to as the ’modified specific method’.
Originally, the use of this factor was also proposed for the general method,
but this was not included in the latest version of EC3 (ECCS, 2006).
χLT,mod =
χLT
f
(4.3.14)
Not everybody agrees on the use of the specific method. It was shown
in (Snijder and Hoenderkamp, 2007) and (Snijder et al., 2008) that this
method can be up to 12% unsafe, both for restrained and unrestrained
beams. As a result, it is recommended to choose the values of λ¯LT,0 and β
very carefully. A similar comment is made in (Rebelo et al., 2009), where it
is concluded that the most suitable method would be the modified general
method, i.e. the general method with the added effect of the moment
distribution. In (Villette, 2002), the use of the plateau-value is invalidated
and new buckling curve expressions are proposed, where the length of
the yield plateau depends on the section type and the imperfection factor
α is a function of the slenderness and section properties which depends
on the section type.
The criticisms on the specific method were taken into account in the
Belgian National Annex of EC3 (NBN, 2010). Values of λ¯LT,0 = 0.2 and
β = 1.0 are given, so that the buckling curves of the specific method are
identical to those of the general method, but the buckling curve selection
will still be more detrimental. For beams with a non-constant moment
distribution, this is countered by using the more advantageous modified
reduction factor χLT,mod. However, there is one exception in the national
annex: the recommended values of λ¯LT,0 = 0.4 and β = 0.75 may be used
for restrained beams in buildings for which the effect of these restraints
was not taken into account for the calculation of Mcr.
In the following, the specific method will not be further considered.
General criticisms and new method As shown above, disagreements
still exist about the current methods to calculate the LTB resistance in
EC3, where two methods are given. Confusion arises because both design
methods seem to apply to hot-rolled and welded I-sections (as Table 4.4
and 4.5 suggest). The specific method (with the recommended values)
resulted from an adaptation of the general method in an attempt to be
more economic, but unfortunately it has been proven to be unsafe for
some geometries.
These disagreements are in contrast with the flexural buckling design
method which is widely agreed upon. This is because the flexural buckling
curves are based on a mechanically consistent derivation using the Ayton-
Perry formula. This consistent background results in clear and easily
understandable formulae, in which all mechanical parameters that play
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a role are easily identified. Since the lateral-torsional buckling curves
are either a completely similar, either a slightly modified version of the
flexural buckling curves, the mechanical background for these LTB curves
is missing.
The buckling curve choice is only based on the height-to-width ratio of
the cross-section h/b. This ratio does not cover all geometrical effects on
the buckling resistance, such as the effects of torsional stiffness, the ratio
of the plastic bending resistances about the principal axes or the bending
stiffnesses. As a result, the scatter of numerical buckling curves is quite
high and not all geometries are aptly covered by the current buckling
curve(s). Furthermore, the selection based on h/b is confusing, because it
is opposite to the selection for flexural buckling and the same reasoning
based on the residual stresses cannot be used.
These criticisms were solved through the PhD of (Taras, 2010), in
which a new method for the LTB resistance of I-section members, based
on a consistent mechanical derivation similar to the derivation of the
flexural buckling curves, was developed (Greiner and Taras, 2007), (Taras
and Greiner, 2008), (Taras and Greiner, 2010), (Greiner and Taras, 2010).
This method is currently being proposed for the new version of the EC3,
and will be given in the following section.
4.3.2.2 New method: consistent approach from (Taras, 2010)
Currently, a new method for the LTB resistance of I-section members is
proposed for the future EC3 update, based on the work of Taras, in which
further details and validation can be found.
In the proposed method, the expression for the LTB reduction factor
χLT is altered (Eqs. 4.3.15 and 4.3.16). The factor fM takes into account
the moment distribution (as a conservative approach or for a constant
moment fM = 1). The slenderness λ¯z is the slenderness for weak-axis
buckling of the beam (Eq. 4.3.2) and the slenderness λ¯LT the slenderness
for LTB (Eq. 4.3.11). The value of the imperfection factor αLT can be
determined using Table 4.6 .
χLT =
fM
φLT +
√
φ2LT − fMλ¯2LT
≤ 1.0 (4.3.15)
φLT = 0.5
[
1 + fM
(
λ¯2LT
λ¯2z
αLT
(
λ¯z − 0.2
)
+ λ¯2LT
)]
(4.3.16)
The expression for χLT was derived using an Ayton-Perry type formu-
lation, in which the sum of the first and second-order stresses in a beam
with an eigenmode-conform imperfection is limited to the yield stress.
The occurrence of λ¯z in the numerator of Eq. 4.3.16 makes the imperfection
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Table 4.6: Imperfection factor αLT according to (Taras, 2010).
cross-section
αLTtype
rolled h/b > 1.2 0.12 ·
√
Wel,y
Wel,z
≤ 0.34
h/b ≤ 1.2 0.16 ·
√
Wel,y
Wel,z
≤ 0.49
welded - 0.21 ·
√
Wel,y
Wel,z
≤ 0.64
proportional to the length. By including
√
Wel,y
Wel,z
in the imperfection factor
expressions, the dependency of αLT on the residual stress pattern is visible
again.
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4.4 Summary and conclusions
In this chapter, an overview was given of the current EC3 design methods
for global buckling of a member loaded in bending or compression.
• Perfectly straight elastic members will buckle at the elastic critical
(bifurcation) load. In reality however, there will be geometric and
material imperfections in the members, as well as the influence of
non-linear geometric and material behaviour. These effects are taken
into account in the buckling resistance.
• The expressions for the flexural buckling resistance of a member are
the results of almost two decades of research and are widely agreed
upon. The shape of the buckling curves were based on experimental
and numerical results. The expressions for the flexural buckling
curves were based on a consistent mechanical derivation using an
Ayton-Perry type expression for the failure.
• In the numerical research for the buckling curves, the model
column had nominal dimensions and deterministic imperfections: a
geometric half sine wave imperfection of L/1000, combined with
the thermal residual stress pattern proposed by the ECCS. These
imperfections were chosen because the so obtained resistances
matched with the m-2s values of the experimental results.
• In the current EC3, two methods are proposed for the lateral-
torsional buckling resistance which both use the flexural buckling
curve shape. Because of the lack of consistent derivation, the design
methods are confusing and unclear. Only the ’general method’ will
be used further, since the ’specific method’ has been proven to be
unsafe for some cases.
• A new design method for the lateral-torsional buckling resistance
will be proposed in the future update of EC3, based on a mechan-
ically consistent derivation. Because of this, the obtained buckling
curves match the numerical results better and the reasoning behind
a buckling curve choice is easier to understand.
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numerical work
69

Chapter5
Test specimens
In this chapter, the test specimens used for the residual stress measurements
and the lateral-torsional buckling experiments will be described. First, a general
description of the specimens and their cross-sectional dimensions will be given.
In the second part, the production process will be described in detail. Next, the
lengths and names of the different specimens will be shown. Finally, the tensile
tests executed to determine the yield stress of the test specimens will be described
and the results of these tests will be compared with results from literature.
5.1 Description of the test specimens
In this work, residual stress measurements and LTB experiments were
executed for both cellular and castellated member geometries. All spe-
cimens were made from six parent sections with the same hot-rolled
IPE160 cross-section. From these six parent sections, members with in
total three different geometries were fabricated (two parent sections for
each geometry): two castellated member geometries (CS1 and CS3) and
one cellular member geometry (CS2) were made. The nominal dimensions
of the cross-sections of the parent sections, as well as the castellated and
cellular members are given in Fig. 5.1.
Since the measured residual stresses in the parent sections were very
similar (as will be demonstrated in Section 6.4.2), it is very likely that all
parent sections originated from the same batch.
In Fig. 5.2, it can be seen that yield lines, presumably from cold
straightening, were present in the members’ flanges. The distribution
of the yield lines in the flanges was uniform along the length of the
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Figure 4 
              Parent Sections (PS)        After Cutting (AC) or After Welding (AW)        Buckling exp. 
CS1L2 
CS2L1 
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CS2L2 
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1 m  1.16 m  1.2 m  
CS3L1 
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Figure 4. Dimensions [mm] of the parent section PS and the castellated and cellular member geometries CS1-CS3 
Figure 5.1: Dimensions of the parent section and geometries CS1-CS3
(in mm).
Vloeilijnen 
a b c 
a 
b 
c 
Figure 5.2: Uniform yield line pattern in flanges along the member
length: (a) parent section σres specimen, (b) castellated member σres
specimen, (c) LTB test member.
members, so it was expected that the effect of cold straightening would
also be approximately uniform along the members’ length.
5.2 Fabrication process
All castellated and cellular members were fabricated at Huys-Liggers1,
using the fabrication procedure described below. As already mentioned
above, six parent section members of 12 m long were used, two for each
of the three geometries.
The castellated geometries CS1 and CS3 were made following the
standard procedure which was already shortly described in Section 2.2
and shown in Fig. 2.4 and Fig. 2.5 (left and middle). The cellular mem-
ber geometries CS2 were made according to the deviating fabrication
procedure shown in Fig. 2.5 (right). These geometries were made by
1Constructie-en Onderhoudswerkplaats Huys BV, Venlo, The Netherlands
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CS1-CS3 
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k 
Figure 5.3: Overview of fabrication process of geometries CS1 and CS3.
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cutting circular openings around the hexagonal openings in completed
castellated members with a CS1 geometry. As a result, the fabrication
of all the members started with the cutting of the web according to a
castellated member cutting pattern (four according to a CS1 geometry,
and two according to CS3). In each member, a section of 1 m at the end
of the beam was left uncut, which served as a specimen for the residual
stress measurement in the parent section (Fig. 5.3d).
The members were cut using an oxyfuel cutting process with an
oxygen-acetylene mixture as fuel gas. This oxyfuel cutting process is
based on the oxidation of the steel in an oxygen stream. In order to
start this oxidation, the steel must be heated to its kindling or ignition
temperature.2 This is done by preheating the surface by the flame of the
torch until the desired temperature is reached (Fig. 5.3a). Now the cut is
formed by the oxidation of the steel, the amount of heat set free by the
exothermic oxidation of the steel contributing to the further completion
of the oxidation reaction through the thickness and along the cut. The
molten slag (metal oxide) that is formed is blown out of the cut by the
oxygen stream. A requirement for the success of the oxycutting process is
that the melt temperature of the metal must be higher than its kindling
temperature, so that the metal does not melt before the oxidation starts.
Additionally, the melt temperature of the slag must also be lower than
that of the metal, so that the slag does not stick to the cut and a clean cut
is obtained. The used cutting speed was about 50-55 cm/min.
Once the cutting (Fig. 5.3b) was completed, the two halves of the
beam were kept together by point welding a small metal strip between
the halves (Fig. 5.3c), so that they could be easily transported from the
cutting bed to the location of welding (Fig. 5.3e). Once arrived at this
location, the halves were separated and placed into the correct position
(Fig. 5.3f). Before welding, the halves were pushed together along a
straight line, after which they were point welded together at the web posts,
to ensure that the beam halves would not move during the final welding
(Fig. 5.3g). After the weld surfaces were cleaned and prepared, the halves
were manually welded together intermittently to limit deformations
(Fig. 5.3h-k).
For heavier parent sections, the member halves are sometimes ad-
ditionally straightened by local flame heating of the flanges. This was
not necessary for the considered specimens made from IPE160 parent
sections due to the sufficiently low bending stiffness of this section, as also
observed by the author during the production process in the workshop.
2The definition of the kindling temperature for steel found in literature varies. It is 1600°F
(about 870°C) according to (Rosenthal, 1941), 1200K (about 927°C) according to (Powell et al.,
2009), between 700°C and 900°C according to (NIL (Nederlands Instituut voor Lastechniek),
2009), but 1150°C according to (NIL (Nederlands Instituut voor Lastechniek), 2000) and
1200°C according to (Lafèbre).
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This is confirmed by the measured residual stresses in the flanges in
the completed member, where the asymmetrical and local high tensile
stresses corresponding with a similar procedure were not observed (cf.
Figs. 6.6-6.7). However, care should be taken to document and study this
effect for heavier sections, for which this procedure could influence the
residual stress measurement results.
The welding process used was a semi-automatic MAG welding pro-
cess, in which the shielding gas was a mixture of 85% Argon and 15% CO2.
The weld joint type was an X-type but joint existing of two weld passes,
one for each side of the web. For the geometries CS1 and CS3, a section
was left unwelded so that the influence of only the cutting process on
the residual stresses could be studied in the obtained castellated member
halves. The welding speed was about 60 cm/min.
After the welding, the castellated members with the CS1 and CS3
geometries were completed. However, an additional step was required
to obtain CS2 geometries, starting from two castellated members with a
CS1 geometry (Fig. 5.4). In the web of the latter beams, circular openings
were cut around the original regular hexagonal openings using the same
oxycutting process described above. For each web opening, the cutting
procedure and corresponding preheating of the steel had to be restarted.
Because of this, there was a larger heat input in this process than in the
cutting process used for the original cutting of the castellated web. After
the cutting of the circular openings in the two castellated members, the
two cellular members with CS2 geometry were completed as well.
The used cellular member production procedure is one of the possible
production procedures of cellular members. However, more often used is
the procedure in which cellular members are constructed directly from the
parent section, by using a modified cutting pattern. It is expected that the
effect on the resulting residual stress pattern of the latter procedure and
the production procedure of castellated beams with regular hexagonal
openings is similar. However, as will be seen in Chapter 6, this will
not be the case for the non-standard procedure used for the cellular CS2
geometries.
After completion, the four completed castellated and cellular members
where cut into shorter and longer sections, the former to be used for the
residual stress measurements and the latter to be used for flexural and
lateral-torsional buckling tests, as will be described in Section 5.3.
5.3 Dimensions of test specimens
After completion, the six completed castellated and cellular members
where cut into shorter (length ca. 1 m) and longer (length 3.3-6.3 m)
sections, the former to be used for the residual stress measurements and
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Extra: 
productie 
CS2 
Figure 5.4: Additional cutting process for CS2.
the latter to be used for buckling experiments. A general picture of all
the test specimens is shown in Fig. 5.5. In this part, an overview of the
resulting specimens will be given.
5.3.1 Residual stress measurements
During production, a part of 1 m was left uncut at one end of each parent
section, so that the residual stresses could be measured in the parent
section as well (Fig. 5.6).
In total, the residual stresses were measured in six parent section
specimens, two unwelded castellated member specimens and seven
castellated or cellular member specimens (Table 5.1 and Fig. 5.7). For
each of the latter two specimen types, measurements were made at two
locations along the length: the residual stresses were determined between
two openings (web post WP) and at the centre of an opening (tee section
TS). The measurements in the unwelded castellated members specimens
occurred for both the top and bottom half of the cut IPE160 section. In
the parent sections, measurements occurred at one location: in the middle
of the specimen. All specimens were taken from the same end of the
members.
The length of the specimens was chosen such that the distance between
the locations of measurement and the end of the beam was at least twice
the height of the specimen. Thus, possible disturbances of the residual
stresses by edge effects were avoided.
A detailed overview of the residual stress measurements is given in
Chapter 6.
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Figure 5.5: Castellated and cellular members used for experiments.
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Figure 5.6: Parent section test specimen.
Table 5.1: Overview of the residual stress specimens.
Parent After After
# Section Cutting Welding
locations
PS AC-WP AC-TS AW-WP AW-TS
member CS1L1 1 2 x 0.5 2 x 0.5 1 1
name CS1L2 1 0 0 1 1
CS2L1 1 0 0 2 2
CS2L2 1 0 0 1 1
CS3L1 1 2 x 0.5 2 x 0.5 1 1
CS3L2 1 0 0 1 1
total 6 2 2 7 7
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Figure 5.7: Sketch of residual stress specimens. The location of the strain
measurements is shown in colour and the cuts between the different
specimens are shown in black.
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Table 5.2: Overview of used LTB test specimens.
specimen member specimen
name name length [m]
CS1_L3 CS1L2 3.325
CS1_L4 CS1L1 4.165
CS1_L6 CS1L2 6.265
CS2_L3 CS2L2 3.325
CS2_L4 CS2L1 4.165
CS2_L6 CS2L2 6.265
5.3.2 Lateral-torsional buckling experiments
The remainder of the fabricated castellated and cellular member was
reserved for buckling experiments. Of the specimens made from the
remaining parts, six specimens were used for the lateral-torsional buckling
experiments in this work (Table 5.2), while the remainder was reserved for
further experiments. A detailed overview of the lateral-torsional buckling
experiments is given in Chapter 7. The measured cross-sectional dimen-
sions of each tested specimen and the measured lateral imperfections are
given in Appendix C.
5.4 Mechanical material properties
The steel grade of the member was S275 with a nominal yield stress of
275 MPa. Tensile tests to determine the yield stress fy were executed by
Sirris on specimens taken from both flanges and the web of each of the six
members (Figs. 5.8 and 5.9). More details about the specimen geometry
and the results for each specimen are given in Appendix B. The mean
values of the yield stress of the flanges and web of each member are given
in Table 5.3. During the tensile tests, the modulus of elasticity E was
measured as well, but in contrast to the yield stress results, these values
were not certified. For certain members, the measured values of E were
too aberrant, which was probably due to a faulty measurement of the
displacement during the tensile tests. While this does not affect the other
results, it makes the other values of the modulus of elasticity less reliable.
The deviating values of E were not taken into account in Table 5.3, but are
given in the complete overview in Section B.2.
The measured values can be compared with the values given in a wide
statistical study of steel properties given in (Simões da Silva et al., 2009).
According to this work, the mean yield stress for the S275 steel grade
and the thickness t≤16 mm is 327.93 MPa, while the standard deviation
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Trekproeven 
Figure 5.8: Tensile test specimens.
Trekproeven 
Figure 5.9: Specimen before and after tensile test.
Table 5.3: Results of tensile tests.
flanges web
fy (MPa) E (GPa) fy (MPa) E (GPa)
CS1 L1 345 206.7 320 195.6
CS1 L2 351 210.0 332 179.5
CS2 L1 350 202.0 340 197.7
CS2 L2 342 199.3 328 187.1
CS3 L1 343 188.6 333 211.7
CS3 L2 347 201.1 332 -
mean 346 200.5 332 194.9
st. dev. 5.0 10.9 6.7 12.1
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of the yield stress is 18.96 MPa. The nominal value is a minimal value,
corresponding with 99.74% of the cases.
It is generally expected that the yield stress is higher for thinner steel
parts, due to their quicker cooling and corresponding smaller grain size
(Tall and Alpsten, 1969a), (Alpsten, 1975). Comparing the obtained results
for the yield stress with the values obtained in the above statistical study,
the obtained values seem acceptable, especially when taking into account
the smaller thicknesses of the IPE160 web (5 mm) and flanges (7.4 mm).
However, it was also expected that the yield stress would be higher for
the thinner web than for the flanges, which was not observed in the
measurement results.
In the same reference, statistical data is also given for the modulus
of elasticity E. Here, the nominal value corresponds with a mean value.
According to (Simões da Silva et al., 2009), the mean value of the modulus
of elasticity for S275 steel was 205.47 GPa and the standard deviation
13.18 GPa. This corresponds with the given measured values.
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5.5 Summary
In this chapter, an overview was given of the specimens used for the
experiments executed in this work.
• Two types of specimens were made: one for residual stress measure-
ments and one for buckling experiments.
• For the specimens, two castellated member geometries and one
cellular member geometry were used, all made from the same hot-
rolled IPE160 parent section geometry.
• The castellated member geometries were made by cutting the parent
section’s web in two halves, shifting the halves and rewelding them.
The cellular members were made following an atypical fabrication
procedure in which circular openings were cut around the already
existing hexagonal openings in a completed castellated member.
• Tensile tests were executed on each of the six parent sections to
determine the yield stress. The modulus of elasticity was also
determined, but these results were less reliable.
• The residual stresses were measured in the parent sections and
in the completed cellular and castellated members. Additionally,
the effect of the cutting of the web of the parent sections was also
studied by measuring the residual stresses in the two castellated
member halves before welding.
• The remainder of the members was destined for buckling exper-
iments. So far, all executed experiments were lateral-torsional
buckling experiments.
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Residual stress
determination
In this part, the measurement of the residual stresses in the specimens described
in Chapter 5 is reported on. First, the used measurement method will be described.
Subsequently, the results of the measurements will be given and a comparison will
be made with a rough analytical approximation of the residual stresses. Finally,
a first proposal will be made for the residual stresses in castellated and cellular
members, based on the measurements.
6.1 Measurement method
The residual stress measurement methods were already described in
Section 3.2. The sectioning method was chosen because of its straightfor-
wardness for longitudinal residual stress measurement.
This method is a relaxation method, where the strain is measured in
a longitudinal segment before and after its relaxation. The relaxation
of each segment is accomplished by sectioning the member: first the
member is cut in transverse direction, after which longitudinal cuts are
made to separate all segments (Fig. 3.4 and 6.1). The residual stress σvres
was calculated from the measured residual strain εmeas by Eq. 6.1.1, with
E=210 GPa as a safe mean value1. This formula was derived under the
assumption of an elastic behaviour of the specimen during the test and
the assumption that the transverse residual stresses could be neglected.
Furthermore, it was assumed that the induced thermal stresses due to the
1Due to the aberrant measured values of E (cf. Section 5.4), it was chosen not to use the
measured values for the calculations
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Sectioning 
method 
Figure 6.1: Cutting of the specimen during svres measurement. Trans-
verse cut (top), longitudinal cuts (middle) and sectioned cross-section
(bottom).
Strain gages 
Figure 6.2: The relaxation strains were measured using electrical strain
gages.
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cutting process are negligible2. If the segment undergoes a contraction
(εmeas < 0), this means that residual tensile stresses (σvres > 0) were present
in the segment and vice versa.
σres = −Eεmeas (6.1.1)
For the cellular and castellated members, the residual stress was
expected to be different in cross-sections at the web post and at the tee
section, and to vary between these two patterns. As a result, a relatively
small gage length was necessary to measure the residual stresses at these
two locations. Consequently, electrical strain gages, with a linear pattern
and a gage length of 3.18 mm were used to measure the residual strains3
(Fig. 6.2). By using electrical strain gages, a complete overview of the
variation of residual strains during the complete sectioning procedure
was obtained.
The electrical strain gages were adhesively bonded4to the surface
where the strain has to be measured, so that the strain at the surface is the
strain in the strain gage. The strain gage consists of plastic backing on
which a metal foil pattern is mounted. The relative electrical resistance
of the strain gage changes linearly with the strain in the strain gage, so
by measuring the resistance change of the strain gage, the strain can be
determined. The resistance change is measured by connecting the strain
gage to a Wheatstone bridge, thus transforming the relative resistance
change in a voltage change which can be measured.
Temperature variations during the sectioning process were accounted
for by using self-temperature-compensated strain gages specifically de-
signed for mild steel. The error on the strain measurement is estimated
to be ±1.5%. Taking the variability of the values of the Young’s modulus
E into account, the possible error on the residual stress measurements
increases. This can be illustrated for the flange stresses, using values of
Emean ± 2Est. dev., based on the measured values of E in the flanges (cf.
Table 5.3). If the real value of E would be 179 GPa instead of the used 210
GPa, the calculated residual stress is 15% larger than its real value. On
the other hand, if E=223 GPa, the calculated residual stress is 6% smaller
than the real residual stress value.
2This is confirmed by (Spoorenberg et al., 2010) for the used saw cutting procedure,
in which the thermal influence of the saw cutting during the sectioning method was
investigated.
3Strain gage patterns CEA-06-125UN-350 and FAE-12S-35-S6/E-J, produced by Micro-
Measurements (Vishay Precision Group).
4Initially, the adhesive M-Bond 200, produced by Micro-Measurements (Vishay Precision
Group) was used. However, due to the necessity of body heat for the curing, combined with
the lower temperatures during the execution of the σres measurements (in the winter), the
adhesive was changed to Loctite 401 (Henkel).
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Zagen 
Figure 6.3: Electrical band saw and hand saw.
The strain gage locations, cut locations and order of cutting is given in
Appendix D. For each of the parent sections, 15 strain gages were used for
the residual stress measurement: five strain gages for the web and five for
each flange. These strain gages were divided over the width of the flange
and the height of the web. It was assumed that measurements on only one
side of the flanges and the web sufficed due to the small thicknesses of the
flanges and the web and due to the focus on the residual stress variation
during production. All measurements were done on the outside flanges
and on the right side of the web. The order in which the longitudinal cuts
were made was predetermined for all specimens and was as symmetrical
as possible.
The cutting process was executed with an electrical band saw, com-
bined with a handsaw for some of the transverse cuts. During the cuts,
a cutting fluid was used to limit the local heating of the specimens. The
strain gages were protected from the cutting oil with a protective coating5.
During the cutting, the measured strains were monitored continuously
to be sure that there was no malfunctioning of the strain gages due to
damage suffered during the multiple manipulations throughout the sec-
tioning process. However, some strain gages were permanently damaged
during the measurements: from the total of 360 used strain gages, 31
were found faulty. The measured strains in these gages (if any) were not
included in the results.
5M-Coat B, produced by Micro-Measurements (Vishay Precision Group).
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Figure 6.4: Measured σres for parent sections (PS specimens).
6.2 Results of measurements
The residual stresses were measured for one hot-rolled IPE160 parent
section geometry and three geometries fabricated from these parent
sections. The dimensions of the two castellated geometries CS1 and CS3,
as well as the one cellular member geometry CS2 can be found in Fig. 5.1.
The specimen lengths and measurement location along the members are
given in Section 5.3.1, more specifically in Table 5.1 and Fig. 5.7. The
residual stresses were measured during three fabrication stages: in the
parent sections (designated as PS), in the member halves after the thermal
cutting of the web (designated as AC) and in the completed members
after welding (designated as AW). Since the geometries CS2 were made
according to a non-standard production procedure, namely by cutting
circular openings around the hexagonal openings of completed (AW)
CS1 geometries (cf. Section 5.2), the effect of this additional fabrication
procedure could be investigated as well for the CS2 AW sections.
The results of the residual stress measurements in the parent section
are shown in Fig. 6.4. The effect of the cutting of the parent sections CS1
and CS3 can be seen in Fig. 6.5, both for the tee section and the web post.
The final residual stress distribution in the geometries CS1 and CS3 is
shown in Fig. 6.6, while the residual stress distribution for CS2 is shown
in Fig. 6.7. The measurements for geometries CS1 and CS3 are shown
together, since they were found to be very similar.
In the Figs. 6.4-6.7, the measured values of the residual stresses are
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Figure 6.5: Measured σres for cut CS1 and CS3 halves (AC specimens).
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Figure 6.6: Measured σres for completed castellated member specimens
CS1 and CS3 (AW specimens).
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Figure 6.7: Measured σres for completed cellular member specimens
CS2 (AW specimens).
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shown, together with the corresponding least-square fit (LSF) curves
for the residual stresses in the flanges and the web. These curves were
obtained by mirroring the results about the expected horizontal and
vertical symmetry axes of the cross-section, after which these values were
fitted to a linear function in the flanges and a parabolic function in the
web. The functions to be fitted were based on the perceived variation
of the residual stresses across the cross-section at each location. These
variations are more clearly visible in Appendix D, Figs. D.6-D.9, were the
measured values for each measurement location are connected. For the
parent section, an additional LSF-curve was determined for the web (LSF
N=0 in Fig. 6.4), which was determined by expressing that the resultant
normal force of the residual stresses (in x-direction) should be zero.
Since the compressive residual flange stresses have the dominant
(detrimental) influence on the global buckling resistance, an overview of
the variation of the flange stresses during the production process can be
seen in Fig. 6.8. Here, the least-square fit curves of the measured residual
stresses in the flanges are shown.
In Table 6.1, the extrema of the measured values are shown, while the
extrema of the least-square fit curves are shown in Table 6.2. The values
for each separate section are shown on the figures in Appendix D.
6.3 Analytical approximation of expected resid-
ual stress patterns
The experimental program was limited to cellular and castellated mem-
bers made from one parent section and a limited number of different
geometries and measurements. Since no other measurements results are
available for the cellular and castellated member residual stresses, it is
difficult to draw general conclusions about the residual stresses in heavier
sections based on only the measured σres in this work. The influence of
the cutting and the welding for other geometries will be investigated
analytically in this part, using expressions 3.4.1 and 3.4.4 (cf. Section 3.4) ,
which give the tensile zone width around the cut or the weld in a plate
where σres = fy (ECCS, 1976). While the expression for the cut yield zone
width has been validated for thicker plates, the expression for the weld
yield zone is only valid for relatively thin plates (t<25 mm). In (ECCS,
1976), it is advised to use the given equations for the tensile yield zone
widths to calculate the residual stress pattern in a welded section.
These expressions can be used for our case if some simplifying as-
sumptions are made:
• the residual stresses around the cut or weld are not influenced by the
presence of the flanges (which will be the case if they are sufficiently
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Table 6.1: Extrema of measured σres in web and flanges. Values are
given for the parent section (PS), the castellated member halves after
cutting (AC) and the completed cellular and castellated member halves
(AW). For the AW and AC measurements, the strains were measured
at the tee section in the centreof an opening (TS) and at the web post
between two openings (WP).
PS # σres,min σres,max
meas. [MPa] [MPa]
flange 6x2x5 -24.7 89.9
web 6x1x5 -145.8 0.4
AC CS1,CS3 # σres,min σres,max
meas. [MPa] [MPa]
TS flange 2x2x5 -27.5 127.2
web 2x1x2 -8.3 52.1
WP flange 2x2x5 -45.8 108.1
web 2x1x8 -119.2 59.1
AW CS1,CS3 # σres,min σres,max
meas. [MPa] [MPa]
TS flange 4x2x5 -82.9 69.2
web 4x1x2 -13.3 251.9
WP flange 4x2x5 92.2 94.7
web 4x1x8 -127.4 327.7
AW CS2 # σres,min σres,max
meas. [MPa] [MPa]
TS flange 3x2x5 -110.6 -24.5
web 3x1x2 262.4 371.3
WP flange 3x2x5 -76.0 84.5
web 3x1x8 -48.2 67.2
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Table 6.2: Extrema of calculated LSF σres values in web and flanges.
Values are given for the parent section (PS), the castellated member
halves after cutting (AC) and the completed cellular and castellated
member halves (AW). For the AW and AC measurements, the strains
were measured at the tee section in the centreof an opening (TS) and at
the web post between two openings (WP).
PS order σres,min σres,max
LSF [MPa] [MPa]
flange 1st -50.2 96.5
web 2nd -141.3 89.9
web N=0 2nd -133.2 156.1
AC CS1, CS3 order σres,min σres,max
LSF [MPa] [MPa]
TS flange 1st -31.8 95.5
web 1st 27.2 27.2
WP flange 1st -60.2 94.0
web 2nd -98.1 94.2
AW CS1,CS3 order σres,min σres,max
LSF [MPa] [MPa]
TS flange 1st -101.0 40.6
web mean 94.6 94.6
WP flange 1st -98.0 65.4
web 2nd -99.5 179.0
AW CS2 order σres,min σres,max
LSF [MPa] [MPa]
TS flange 1st -106.8 -56.6
web 1st 323.7 323.7
WP flange 1st -102.3 66.4
web 2nd -126.6 28.0
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far away from the heat introduction);
• the mechanical effect of the elastic rebound and the thermal effect of
the cutting or welding will be studied separately. A correction term
∆σcorr will be introduced for the combination of the initial stresses
with the stresses due to both effects, as described in Section 6.3.1.2;
• for ease of calculation, the cross-section is approximated by using
the wire model described in Section 4.1.1. This means that the
web-to-flange fillets are neglected;
• effects of the non-straight cutting line are ignored;
• effects of the intermittent welding due to the presence of the open-
ings are ignored;
• the effect of rotorizing or other straightening procedures is ne-
glected.
After the tensile zone width is obtained, the compressive (and possibly
also tensile) thermal residual stresses in the remainder of the I- or T-
section can be determined using expressions for the equilibrium of normal
forces and bending moments. The influence of the spot welds during
the production procedure (as described in Section 5.2) can be neglected
because the thermal residual stresses due to this effect will be overwritten
by the stress variations due to the line welds.
Because of the large amount of assumptions, the results will only give
a qualitative and rough quantitative feeling of the different effects. How-
ever, it can be checked whether the extrapolation from the experimental
results obtained for the smaller specimens to larger specimens is possible,
by checking whether the different mechanical and thermal influences are
of the same order of magnitude.
First, the thermal and mechanical residual stress variations for the
specimens will be determined, both for the AC and AW geometries, using
the measured residual stresses as initial stresses. Additionally, the residual
stress variation in the AW specimen geometries will be determined using
the residual stresses proposed by the ECCS (Fig. 3.7). Subsequently, results
will be given for the change in mechanical and thermal residual stresses
in the flanges for heavier cross-sections, again using the residual stress
pattern prescribed by the ECCS.
6.3.1 Residual stresses in specimens
6.3.1.1 Section halves after cutting (AC)
When a hot-rolled I-section member is thermally cut along its web, the
residual stress pattern will be modified because of the mechanical effect
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of the elastic rebound and because of the thermal effect of the local heat
input (cf. Section 3.4.1). Both effects will be studied separately in this
section.
Elastic rebound The elastic residual stress redistribution can be calcu-
lated by expressing the normal and bending moment equilibrium of the
obtained half after cutting. This equilibrium is expressed for the obtained
tee with height hcut, width b, web thickness tw and flange thickness t f . The
centre of gravity of this section is located at G, and the principal axes are
y’ and z’ (Fig. 6.9). The resultant bending moment My′ and normal force
N of the initial residual stresses σres,0 can be calculated using expressions
6.3.1 and 6.3.2. The equilibrating stresses σeq can be calculated by adding
the stresses due to the bending moment −My′ (σeq,M) and these due to
the normal force −N (σeq,N) (Eq. 6.3.3-6.3.5).
N =
∫∫
Atee
σres,0dA (6.3.1)
My′ =
∫∫
Atee
σres,0z′dA (6.3.2)
σeq = σeq,M + σeq,N (6.3.3)
σeq,M =
−My′z′
Iy′
(6.3.4)
σeq,N =
−N
Atee
(6.3.5)
The equilibrating stresses were calculated for the IPE160 section, using
the LSF residual stress pattern shown in Fig. 6.4 as σres,0 (with LSF N=0
for the web, so that the resulting bending moment and normal force of
σres,0 are zero). The height of the cut tee hcut corresponds with the heights
for a cut at the tee section (TS) and web post (WP) for geometries CS1-CS2
and CS3. The resulting equilibrating stresses are shown in Table 6.4.
Considering that the flange residual stresses are dominant for the
resistance and since they vary the least, the focus will be on σeq,top, which
are the equilibrating flange stresses which have to be added to the already
existing residual stresses σres,0. For the measured residual stresses, the
effect of the resultant bending moment is small for the TS web heights,
which is caused by the location of the centre of gravity close to the flanges.
However, due to the effect of the resultant normal force, there will still be
an increase in compressive stresses in the flanges. For the WP web heights,
the effect of the bending moment will be larger (because the centre of
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Figure 6.9: Elastic residual stress redistribution due to elastic rebound.
Table 6.3: Height of the tee half for the σres specimens (AC).
hcut
[mm]
CS1 TS 46.0
WP 106.6
CS3 TS 36.3
WP 116.3
gravity will be located further down the web), due to which there will
also be an increase in compressive flange stresses.
These results were obtained by neglecting the effect of the non-straight
cutting line pattern. For smaller web-post widths, it can be expected that
the resultant residual stresses in the web posts are zero (cf. (Boey, 2011)).
As a result, it is expected that the flange stresses along the length are
closer to the TS values for these web post widths. For wider web posts,
numerical simulations are necessary to effectively predict the residual
stress redistribution due to the elastic rebound.
Table 6.4: Equilibrating stresses due to the elastic rebound for the
measured σres,0 (AC specimens).
σeq,top σeq,bot σeq,N σeq,M,top σeq,M,bot
[MPa] [MPa] [MPa] [MPa] [MPa]
CS1 TS -32 42 -21 -10 64
WP -23 142 16 -39 127
CS3 TS -31 3 -27 -4 30
WP -20 135 18 -38 117
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Figure 6.10: Thermal residual stresses due to the cutting of the I-section.
Cutting of web According to Section 3.4.1, the thermal effect of the
cutting causes tensile residual stresses equal to the yield stress at the cut
over a height c f , equilibrated by compressive and tensile stresses further
away from the cut (Fig. 6.10). The magnitudes of the tensile stress σt at
the top of the tee half and the compressive stresses σc next to the yield
zone, calculated for the tee half height hcut at the web post or tee section,
are listed in Table 6.5. The shown values were calculated for fy=328 MPa,
which is the mean yield stress of S275 according to (Simões da Silva et al.,
2009). However, different values of the yield stress were considered: apart
from the nominal value of 275 MPa and the mean value for the specimens,
a higher value of 400 MPa was considered as well. This last value was
chosen to take into account a possible increase in yield stress at the cut,
due to the cutting process6. These results are shown in Appendix E.1.1,
because the effect of the yield stress on the tensile flange stresses σt was
seen to be small compared to the effects of the tee’s cross-section geometry
(Table E.1).
Due to the required moment equilibrium and the one-sided high
tensile stress zone, there will be tensile thermal stresses in the flanges. For
the WP cut web heights, the effect of the CS geometry is still small, but it
is larger for the TS cut heights.
Immediately next to the cut zone, high compressive stresses will be
present, which can be larger than the assumed yield stress for fy=275 MPa
(cf. Table E.1) . This means that the equilibrating residual stresses can
no more be calculated using elastic material behaviour, but that the local
yielding and the corresponding stress redistribution should be taken into
account. While this could be studied further analytically or numerically,
this was not done since the obtained stresses are only relevant for the
cut sections and the focus of this work is on the residual stresses in the
completed cellular and castellated members. As will be illustrated in
Section 6.3.1.2, only the width of the zone with tensile yield stresses is
needed for the calculation of the residual stresses in the completed cellular
and castellated members, and not the equilibrating thermal stresses.
6According to (Nagaraja Rao et al., 1963), (Tall, 1964) and (Tall, 1966), the yield stress at
the weld can be 30-50% higher than that of the base material for structural carbon steels.
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Table 6.5: Thermal σres due to cutting of CS1 and CS3 (AC specimens).
fy c f σt σc
328 MPa [mm] [MPa] [MPa]
CS1 TS 7.5 34 -216
WP 7.5 13 -82
CS3 TS 7.5 53 -296
WP 7.5 12 -75
The obtained results are valid for a tee section with constant web
height, and will thus not be valid for the non-straight used cut lines.
Additionally, it is possible that the residual stress distribution at the web
post depends on the web post width, for similar reasons as for the effect
of the elastic rebound (cf. supra). For small WP widths, the thermal
effect of the cutting of the WP is expected to be small outside the web
post. Nevertheless, the calculations could be used to obtain an order of
magnitude of the thermal influence of the cutting process.
Combination of two effects Under the assumption of a constant web
height, results were obtained for the effect of the elastic rebound and
the effect of the thermal residual stresses. While these results will un-
doubtedly be modified by the non-straight cut line pattern, an order of
magnitude of the residual stresses can be obtained. In the flanges, the
stresses due to the effect of the elastic rebound are mostly compressive,
and around -30 MPa for the tee sections, and around -20 MPa for the web
posts. The thermal residual stresses in the flanges are tensile, with values
of 34-53 MPa for the tee sections and values of 12-15 MPa for the web
posts. It can be seen that both effects have an opposite influence and thus
are expected to counteract each other (Table 6.6).
Numerical analyses will be necessary for more exact values. This was
not done because the focus of this research is on the residual stresses in
the completed cellular and castellated members, and not on those in the
cut sections.
6.3.1.2 Completed specimens (AW)
Compared to the effect for member halves after cutting of the web, the
effect of the elastic rebound will be different for completed cellular or
castellated members. Before the welding of the cellular or castellated
members, the member halves are straightened against a heavy beam.
Since the equilibrating bending moments are thus delivered externally,
only the equilibrating stresses due to the normal force will be present
(cf. Section 3.4.3). Furthermore, the thermal effects of the cutting and
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Table 6.6: Elastic rebound combined with thermal effect for AC speci-
mens with measured σres at WP and TS.
WP TS
el. el.
reb. heat reb. heat
σeq,top,WP σt,WP σeq,top,TS σt,TS
[MPa] [MPa] [MPa] [MPa]
CS1 -23 13 -32 34
CS3 -20 12 -31 53
welding will cause tensile residual stresses equal to the yield stress around
the weld. The width of this tensile stress zone is influenced by both the
cutting and welding process.
In this section, the influence of these effects will be determined for the
used specimen geometry and measured σres.
Elastic rebound As mentioned above, only the equilibrating normal
forces will be present. The equilibrating bending moment will first be
delivered externally, and after welding by the other member half. The
values of the equilibrating stresses due to the normal force can be taken
from Table 6.4, since the effect of -N on each member half will be equal to
the effect of -2N for the completed doubly-symmetric geometry.
At the TS, a flange stress variation of -21 to -27 MPa is expected, which
corresponds with a compressive stress increase in the flanges. At the WP
(and under the assumption of a straight cut line), a flange stress variation
of 16-18 MPa is expected, which corresponds with a tensile stress increase
in the flanges.
Thermal effects According to the analytical approximation, tensile re-
sidual stresses equal to the yield stress will be present around the weld at
the WP. The height c f w of this zone with tensile yield stresses is influenced
by the heights of the zones corresponding with the cutting process (2c f )
and with the two weld passes (each pass corresponding with cw) (Fig. 6.11).
The value of c f w can be calculated using the power law given in Eq. 6.3.6,
which is a modified version of Eq. 3.4.5.
c4f w = (2c f )
4 + c4w + c
4
w = 16c
4
f + 2c
4
w (6.3.6)
The values of c f and cw can be calculated using Eq. 3.4.1 and Eq. 3.4.4
respectively. In section, the determination of c f , which only depends on
tw and fy has already been given. However, more factors play a role in
the determination of cw:
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Figure 6.11: σres due to combined thermal effects of cutting and welding
at WP.
tw
3
twAw
60°
Figure 6.12: Assumed weld dimensions.
• the process efficiency factor p, which can vary between 0.6 and 0.8.
A value of 0.75 was chosen, based on (Acevedo, 2011);
• the weld surface Aw, which is determined by assuming that the
weld is of an X-type with opening angle of 60°. Based on this, a
rectangular weld cross-section is calculated (Fig. 6.12), in which it
is assumed that the additional surface accounts for the parts of the
weld surface outside of the triangle. Consequently, Aw = tw√3
tw
2 =
t2w
2
√
3
;
• the yield stress fy;
• the sum of the thicknesses of the welded plates ∑ t, which is taken
equal to 2tw.
The resulting tensile zone widths for the WP of the specimens CS1-
CS3 are given in Table 6.7. Based on these values, the equilibrating
compressive stresses σc,WP for the remainder of the WP cross-section
can be determined. It can be seen that the effect of the welding tensile
zone width cw on the total tensile zone width c f w will be dominant. The
effect of the yield stress fy on the residual stresses in the flange σc,WP is
again very small (cf. Table E.2). Overall, an increase of the compressive
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Table 6.7: Effects of cutting and welding of specimens: tensile zone
widths and corresponding compressive stresses.
WP TS
H c f cw c f w σc,WP hcut c f σc,TS
[mm] [mm] [mm] [mm] [MPa] [mm] [mm] [MPa]
CS1 220.6 7.5 19.8 24.5 -19 46.0 7.5 -15
CS2 220.6 7.5 19.8 24.5 -19 36.6 8.9 -20
CS3 240 7.5 19.8 24.5 -18 36.3 7.5 -16
residual stresses in the flanges is obtained, with absolute values of about
18-19 MPa. However, it is possible that the effect of the welding is more
limited for smaller web post widths, similar to the effect of the cutting (cf.
supra). Numerical simulations will be necessary to take the exact shape
of the geometry into account.
Only the effects of the cutting will play a role in the approximation
of the thermal residual stress variation in the flanges at the TS (Fig. 6.13).
Using the same approach as above, the tensile zone widths can be calcu-
lated for a section that is cut once (CS1 and CS3) or twice (CS2). These
widths and the corresponding σc,TS values are given in Table 6.7. Since
the effect of the yield stress is small, only values for fy=328 MPa are given.
The obtained values of σc,TS at the TS of geometries CS1 and CS3 are
about -16 MPa. The values of CS2 were calculated under the assumption
that both cuts were located at the final tee height. It can be seen that the
effect of the double cutting (of the web and the circular openings) only
has a small effect on the expected thermal residual stresses. This could
be due to the small amount of material at one side of the cutting line of
the circular openings. Because of this lack of material around the cut, the
expected tensile zone height could be higher than calculated analytically,
which corresponds with higher values of the compressive stresses in the
flanges.
Combination of elastic rebound with thermal effect An overview of
the obtained results is given in Table 6.8. At the TS, the elastic rebound
caused a variation of the flange residual stresses of about -21 to -27 MPa,
which corresponded with supplementary compressive residual flange
stresses. The thermal effect of cutting at the TS induced an increase of
compressive flange stresses of about the same magnitude (15-20 MPa). At
the WP, the elastic rebound caused a flange stress increase of 16-18 MPa,
while the thermal effects decreased the residual flange stresses with 18-
19 MPa.
Previously, the mechanical and thermal residual stress variations have
been considered separately. They cannot be added linearly due to the
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Figure 6.13: σres due to effect of cutting at TS.
non-linear effects of plasticity during the cutting and welding procedures.
A first indication for this is the fact that the total residual stresses in
the tensile stress zone at the cut or weld would no longer be equal to
the yield stress. Secondly, if tensile stresses were already present in the
tensile stress zone before the consideration of the thermal effects, the
residual stresses in this zone could even be larger than the yield stress,
which is theoretically impossible. If this is corrected by limiting the
total maximum stress to the yield stress, the normal resultant of the total
residual stresses will no longer be zero. An additional correction term
∆σcorr, based on the resultant of the mechanical stresses σ0 + σeq in the
tensile zone, could be introduced to equilibrate the stresses. For the
considered geometries and the measured values of the residual stresses,
the correction term magnitude remains limited: it causes a compressive
stress increase of 3-5 MPa at both the WP and TS. However, due to the
non-linear effects during the cutting and welding procedures and due to
the deviating geometry, it is not certain whether the combination of the
original residual stresses σ0with the thermal and mechanical effects σc and
σeq, including the correction term ∆σcorr, will yield the correct residual
stress distribution.
6.3.1.3 Completed specimens (AW) with residual stresses ECCS
For better comparison with the results obtained in Section 6.3.2 for heavier
geometries, the calculation above is now repeated for the same specimen
geometries, but using the residual stress pattern proposed by the ECCS for
the IPE160 parent section (Fig. 3.7). The only difference with the previous
calculation will be the effect of the elastic rebound due to normal forces,
which will be smaller for the TS (cf. Table 6.9 and Table E.3 for more
details), because the resultant of the normal forces in the flange will now
be zero.
As already mentioned in Section 6.3.1.2, a correction term ∆σcorr
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Table 6.8: Elastic rebound combined with thermal effect for specimens
with measured σres.
WP TS
el. el.
reb. heat reb. heat
σeq,N,WP σc,WP ∆σcorr σeq,N,TS σc,TS ∆σcorr
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
CS1 16 -19 -5 -21 -15 -5
CS2 16 -19 -5 -21 -20 -3
CS3 18 -18 -3 -27 -16 -3
Table 6.9: Elastic rebound combined with thermal effect for specimens
with σres ECCS.
WP TS
el. el.
reb. heat reb. heat
σeq,N,WP σc,WP ∆σcorr σeq,N,TS σc,TS ∆σcorr
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
CS1 6 -19 -1 -8 -15 -1
CS2 6 -19 -1 -8 -20 0
CS3 6 -18 -0 -9 -16 0
can be determined for the combination of the original stresses with the
mechanical and thermal effects. Again, this correction term will remain
limited (between -1 MPa and 1 MPa). The results for the IPE160 specimens
with ECCS residual stresses are given in Table 6.9.
6.3.2 Expected residual stress variation for heavier geom-
etries
In order to know more generally which residual stress magnitudes should
be expected, the derivation above is now repeated for a larger amount of
different (heavier) geometries. The initial residual stress pattern will be
taken as the one proposed by the ECCS, on which the buckling curves
are based (Fig. 3.7). Since the influence of the yield stress is small, all
calculations are done for fy=328 MPa.
As parent sections, the geometries from Table 6.10 are considered7.
The most common cellular and castellated member geometries have a
7These are the same as the sections used for the parametric study described in Chapter 9.
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Table 6.10: Considered parent sections.
Considered parent sections
IPE300 IPE600 HE320A HE650A HE320M HE650M
height H between 1.2h and 1.6h. Based on these values, two extreme
dimensions are calculated for each parent section. The corresponding
web opening size and web height of the tee section are calculated by
assuming a castellated member geometry. For cellular members, effects
of similar magnitude are expected.
6.3.2.1 Elastic rebound
The results for the two extreme tee heights hcut at the TS are given in
Table 6.11, and more extensively in Appendix E.2.1, Table E.4, together
with the height of the tee section hcut (Fig. 6.9). It can be seen that the
equilibrating stresses due to the normal force −N are the largest for the
highest resulting section, which corresponds with the largest opening
heights and lowest tee section heights. The largest variations in flange
residual stresses ∆σ occur for the IPE600 section, due to its lighter flanges.
Overall, a residual stress decrease in the flange stresses of 6-11 MPa is
expected for the higher geometries.
The results of the analytical calculation at the WP are also given in
Table 6.11 (and more detailed in Table E.5). Again, the results are more
extreme for the larger openings and corresponding castellated member
heights, where the cut lines are closer to the flanges. According to the
calculation, a variation of the residual stresses of 5-6 MPa is expected
for these heights, which corresponds with a tensile stress increase in the
flanges at the WP. For smaller WP widths, the stress variation will more
likely be close to those obtained for the TS (cf. Section 6.3.1.1).
6.3.2.2 Thermal effects
The thermal effects are calculated similarly as for the IPE160 specimens
CS1 and CS3, and the resulting stress variations are given in Table 6.11
(more details in Table E.6). In this calculation, only two weld passes were
assumed to be used, but it could be that more weld passes are used for
the thicker webs, which results in an increased tensile zone width and an
increased thermal effect.
At the WP, the thermal effects will be the largest for the smallest
castellated member heights, which corresponds with the smallest cross-
section surfaces at the WP. For these member heights, a residual stress
decrease of 10 to 22 MPa is expected (corresponding with an increase in
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compressive flange stresses). Possibly, the residual flange stress variation
for smaller WP widths will be very limited, for similar reasons as for the
rebound effect for small web posts.
At the TS, the thermal effects will be the largest for the largest cas-
tellated member heights and lowest TS cross-section areas. For these
heights, the compressive stresses will also increase (with absolute values
of 6-11 MPa), but to a lesser extent as at the WP.
6.3.2.3 Combined effect
The combined effect of the rebound and the thermal effects is presented in
Table 6.11. At the WP, the correction term ∆σcorr will vary between -7 and
1 MPa, while the magnitude of ∆σcorr at the TS will vary between -1 and
1 MPa. For almost all considered geometries, this correction term remains
limited.
Table 6.11: Elastic rebound combined with thermal effect for heavier
sections at WP and TS.
H= WP TS
1.2 x h el. el.
reb. heat reb. heat
σeq,N,WP σc,WP ∆σcorr σeq,N,TS σc,TS ∆σcorr
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
IPE300 4 -15 -2 -5 -9 -1
IPE600 5 -14 -2 -6 -7 -1
HE320A 4 -10 -3 -5 -5 -1
HE650A 4 -11 -2 -4 -5 -1
HE320M 4 -22 -7 -5 -7 -1
HE650M 4 -18 -3 -4 -6 -1
H= WP TS
1.6 x h el. el.
reb. heat reb. heat
σeq,N,WP σc,WP ∆σcorr σeq,N,TS σc,TS ∆σcorr
[MPa] [MPa] [MPa] [MPa] [MPa] [MPa]
IPE300 5 -13 1 -9 -11 0
IPE600 6 -12 1 -11 -9 0
HE320A 5 -10 1 -7 -6 1
HE650A 5 -10 0 -7 -6 0
HE320M 5 -20 1 -6 -8 1
HE650M 5 -16 1 -7 -7 0
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6.4 Discussion of results
6.4.1 Influence of cold-straightening
While yield lines were noticeable in the flanges of the parent section
specimens, the observed influence of cold-straightening of the member
was negligible (it was the largest for CS1L1_PS, shown in Fig. D.6). For the
AC and AW specimens (Figs. 6.5-6.7), this effect was more pronounced,
but still small: the residual stresses in the flanges are slightly asymmetric
(or even antisymmetric compared to the linear LSF lines in the flanges).
6.4.2 Parent sections (PS)
The measured residual stresses in the parent section (Fig. 6.4) are con-
sistent with earlier results from literature and lie between the patterns
proposed by Young and the ECCS (shown in Fig. 3.6 and 3.7). Further-
more, it can be seen that the measured residual stresses were very similar
for the six parent section specimens, suggesting that all parent sections
originated from the same batch.
Using the LSF which were determined separately for the flanges and
the web, the normal equilibrium of the measured values was checked,
taking into account the fillet between the flanges and the web and as-
suming a mean stress of 93.5 MPa at this location. The resultant normal
force was -14.4 kN, which corresponded with a normal stress of -7 MPa.
Considering the limited number of points across the web height and the
flange thickness to determine the LSF curves, as well as the possible error
on the measurements, this was considered accurate enough.
6.4.3 Section halves after cutting (AC)
In Fig. 6.5 and Fig. 6.8, the residual stresses in the parent section halves
obtained after oxycutting are depicted. The total influence of the cutting
process on the flange residual stresses in the beam halves was seen to be
rather limited. However, the cutting process did influence the residual
stresses in the web, with high tensile stresses near the location of the cut.
The perceived small influence of the cutting process on the flange
stresses is likely due to the counteracting effects of the local heat introduc-
tion and the elastic rebound, as shown in the analytical approximation in
Section 6.3.1.1. As already mentioned above, both effects cannot simply
be superposed linearly.
Due to the limited number of tested specimens for this case, it is
difficult to draw final conclusions from these measurements. In order
to draw more definitive conclusions, more measurements are necessary,
preferably combined with numerical simulations. However, since the
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residual stresses in the castellated member halves were not the focus of
this work, this was not studied further.
6.4.4 Completed cellular members after welding (AW)
The effect of the welding process on the residual stresses in the completed
castellated sections CS1 and CS3 is clearly noticeable in Fig. 6.6 and
Fig. 6.8. At the flange edges, a residual stress decrease of about 50 MPa is
noticeable, while the residual stresses at the flange centres decrease as
well. This increase in compressive flange stresses is caused by an increase
of the web (tensile) residual stresses at the location of the weld and the
cut, as expected. The difference between the measured flange values in
the WP and the TS is small (Fig. 6.8). Taking into account the variation of
the modulus of elasticity E and the error on the strain measurement, it is
possible that the flange stress decrease due to the production process is
less extreme (42 MPa). Nevertheless, the magnitude of the residual stress
decrease at the flange tips remains significant.
This increase in compressive flange stresses matches the analytical
results obtained at the TS (37-43 MPa , Table 6.8). However, there is
no agreement with the results obtained for the WP (3-8 MPa decrease,
Table 6.8). Possibly, the WP width is small enough so that the effect of
the rebound of is equal to the effect of the rebound at the TS and the
thermal effect is non-existing. In this case, the residual stress variation
would be equal to σeq,N,TS (a 21-27 MPa decrease), which is closer to the
measured values. In order to draw definitive conclusions regarding the
combination of the thermal and mechanical effects, as well as the effect
of the geometry on the residual stress variation, a comparison with more
experimental values is necessary (studying more geometries, both for the
parent sections and for the opening size and location), preferably coupled
with numerical analyses.
The additional effect of the cutting of the circular openings in CS2
can be seen in Fig. 6.7 and Fig. 6.8. The effect of the extra heat input
close to the flanges is noticeable in the TS, where the tensile residual
stresses in the web are very high. These stresses are balanced by a large
increase of compressive residual stresses in the flanges. The measured
residual stresses in the web at the TS were very high (up to 371 MPa), even
larger than the measured yield stress, which is theoretically impossible.
This could be caused by the high assumed value of E: if the real Young’s
modulus would only be 10% lower, a value of 334 MPa would be obtained,
which is far more realistic. Other, but less likely explanations could be the
hardening of the steel, three-dimensional stress fields close to the fillet
between web and flange, or local deviations of the yield stress.
The residual stresses at the web post flanges of the CS2 specimens
decrease less drastically to the same level as those of geometries CS1 and
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CS3 (Fig. 6.8). As a result, the measured residual stresses at the WP were
similar as the ones measured for CS1 and CS3.
When compared with the analytical results, the same conclusions
as for CS1 and CS3 can be drawn (cf. supra) for the stress variation in
the flanges of CS2 at the WP (Table 6.8). At the TS, the measured stress
decrease in the CS2 flanges was much larger than the decrease calculated
analytically. This could be due to the analytical underestimation of the
thermal effect of the cutting of the circular openings (cf. Section 6.3.1.2).
The experimental results for the completed geometries CS1 and CS3
show an increase of the compressive residual stresses in the flange because
of the production process. The deviating production process of geometry
CS2 causes even higher compressive residual stresses at the flange. For
the considered specimens, it is expected that the effect of the residual
stresses in the completed cellular and castellated members will be more
detrimental for the global buckling resistance than it is for their parent
sections, due to the fabrication process.
Qualitatively, the obtained measurements match analytical calcula-
tions if small WP widths are assumed. However, more σres measurements
on a wider variation of geometries, from different producers, will be
necessary to check whether the analytical approach, with all its initial
assumptions, is generally valid.
6.4.5 Heavier geometries
While it is not certain that the analytical approximation is 100% correct,
it can be used to compare the order of magnitude of the effect of the
rebound and the thermal effect obtained for the tested specimens and
castellated member geometries made from heavier parent sections. Thus,
it can be determined whether the fabrication procedure will have the
same influence on the residual stress variation at the flanges for heavier
sections as for the IPE160 specimens.
This comparison can be made by comparing the analytical results for
the IPE160 section, obtained using the residual stress pattern proposed by
the ECCS as initial stresses (Table 6.9), with the analytical results obtained
for the group of six heavier parent sections (Table 6.11). The comparison
will be based on the comparison of the stress variations due to the thermal
and mechanical effects.
At the WP, the residual stress variations due to the elastic rebound
σeq,N,TS are 6 MPa for all considered specimen geometries. For the heavier
sections, they vary between 4 and 6 MPa, depending on the geometry
of the member. The thermal effects cause a decrease of residual stress
between 10 and 22 MPa for the heavier sections, while the decrease for the
considered specimen geometries was 18-19 MPa. The thermal effects were
prone to more variation for the heavier sections, depending on the web
107
CHAPTER 6. RESIDUAL STRESS DETERMINATION
thickness and flange dimensions, but had approximately the same effect
as for the IPE160 specimens. The mechanical effects are approximately of
the same magnitude.
At the TS, the elastic rebound caused a stress decrease of 8-9 MPa
for the considered specimens, while it varied between 4 and 11 MPa
for the heavier members, again depending on the geometry and on
the final height of the members. The heat caused a stress decrease as
well, varying between 15 and 20 MPa for the considered specimens, and
between 5 and 11 MPa for the heavier sections. The mechanical effects
cause stress variations of the same magnitude, while the thermal effects
are slightly bigger for the considered specimen geometries than for the
heavier sections. However, the difference remains relatively limited.
Overall, the same order of magnitude was found for the residual stress
variations in the flanges for the heavier sections and the IPE160 specimens.
Consequently, there are grounds to believe that the effect of the fabrication
process will be similar for smaller and larger members. As a result, an
estimate of the residual stresses in heavier sections can be made based on
the measured residual stresses for the IPE160 specimens. However, further
residual stress measurements on specimens from different producers, with
a large variation in geometries would be useful to further study the effect
of the fabrication process on the residual stresses in castellated and cellular
members.
6.5 Proposed residual stress patterns
A residual stress pattern for cellular and castellated members can be
proposed, based on the variation of the residual stresses measured for
the IPE160 specimens and the demonstrated equal order of magnitude
of the total effect for heavier castellated sections (which is expected to be
similar for standard cellular members). As original σres pattern for the
parent section, the pattern proposed by the ECCS is used (Fig. 3.7).
Since the influence of the residual stresses in the flanges is dominant
for the global buckling resistance, the pattern is chosen such that the σres
variations in the flanges match the obtained results, and that these stresses
are balanced by tensile stresses in the web. The proposed residual stress
patterns are depicted in Fig. 6.14, and depend on depth-to-width ratio
h/b of the parent section, which determines the original σres magnitude
in the parent section.
The residual stress magnitudes in the flanges are obtained using a
residual stress decrease of 30 MPa at the flange tips and 20 MPa at
the flange centres, which was given to parent section members with
an original residual stress amplitude of 70 MPa (≈ 0.3 · 235 MPa), for
h/b > 1.2, and 120 MPa (≈ 0.5 · 235 MPa), for h/b ≤ 1.2.
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Figure 6.14: Proposed σres patterns for cellular and castellated members.
The ratio h/b is the depth to width ratio of the original parent section.
In order to obtain a simple residual stress pattern that did not vary
along the member’s length, the tensile stress zone in the web was chosen
to be equal to the web zone at the TS. The tensile residual stresses
magnitude in the web σres,web can be calculated using Equation 6.5.1.
σres,web = 50 MPa×
bt f(
H − t f − a
)
tw
(6.5.1)
For cellular members that are made according to the non-standard
production procedure by cutting circular openings around the hexagonal
openings in completed castellated members, the pattern depicted in
Fig. 6.15 could be used for the IPE160 specimens, based on the more
detrimental measured residual stresses at the TS. Since the influence
of the cutting of the circular openings was not satisfactory covered by
the analytical approximation, more experiments would be necessary to
obtain a residual stress pattern that is more generally valid. However,
because the used fabrication procedure is non-standard, this research
effort would be not very useful. Nevertheless, it should be avoided to use
production procedures where local heat is introduced close to the flanges
of the completed members, as this can considerably decrease the residual
flange stresses, with possibly severe consequences for the global buckling
resistance of these members.
In the further numerical parametric study to determine the global
buckling resistance of cellular and castellated members, only the residual
stress pattern depicted in Fig. 6.14 will be used, which corresponds
with the standard fabrication process. The residual stress pattern for
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Figure 6.15: Proposed residual stress patterns IPE160 cellular member
specimens, produced according to non-standard production procedure.
the non-standard production procedure, shown in Fig. 6.15 will cause a
further reduction in the resistance, which has been illustrated to be up to
15% for the IPE160 specimens in preliminary numerical calculations (cf.
Section 8.1.6).
Finally, it should be emphasized that the proposed residual stress
patterns cannot be used for the analysis of structural behaviour where the
web residual stresses play a significant role.
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6.6 Summary and conclusions
In this chapter, an overview was given of the residual stress determination
of the castellated and cellular members.
• The residual stresses were measured in the parent sections, in
the castellated member halves obtained after cutting and in the
completed castellated members. Additionally, measurements were
done in cellular member specimens made according to a non-
standard production procedure, by cutting circular openings around
the hexagonal openings in a completed castellated member. Thus,
the influence of the fabrication process on the residual stresses could
be determined.
• The measured residual flange stresses in the standard castellated
member specimens showed a decrease in flange stresses compared
to the measured stresses in the parent section. Similar results were
obtained for measurements at the web post and at the tee section.
• For the non-standard cellular members, the decrease of the flange
stresses was even more pronounced at the tee section, due to the
local heat input close to the flanges in the completed members.
At the web post, similar results were obtained as for the standard
castellated members.
• The observed increase in compressive flange stresses is expected to
be detrimental for the global buckling resistance of castellated and
cellular members.
• Since the considered specimens were al made from one relatively
light parent section geometry (IPE160), the experimental results
were supplemented with approximative analytical calculations.
Thus, it could be verified whether a similar influence of the produc-
tion process is expected for heavier specimens.
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• The influence of the thermal and mechanical effects during the
production process of the studied heavier members and considered
IPE160 specimens agreed well. As a result, it is expected that the
production process will have a similar influence on the residual
flange stresses of heavier sections.
• Based on the measurements of the flange residual stresses in the
IPE160 specimens, a residual stress pattern was proposed for cellular
and castellated members made according to the standard production
procedure. This residual stress pattern will be used in the numerical
parametric study to determine the global buckling resistance of
cellular and castellated members.
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Buckling experiments
In this chapter, a description will be given of the six full-scale lateral-torsional
buckling experiments executed on castellated and cellular beams. The results of
these experiments will serve as a validation of the numerical model in Chapter 8.
First, the test set-up and instrumentation of the buckling experiments will be
described, after which the obtained results will be given. More details about the
test set-up, instrumentation and more results are given in Appendix F.
7.1 Buckling experiments
Six lateral-torsional buckling experiments were executed on the specimens
with a CS1 and CS2 geometry, listed in Table 5.2. More details about the
buckling test specimens are given in Chapter 5, as well as Appendices B
and C.
7.1.1 Test set-up
All executed LTB experiments were four-point bending tests, as shown
schematically in Fig. 7.1. All beams were simply supported with fork
bearing at their ends and loaded symmetrically by two equal forces.
The use of a loading frame allowed for an horizontally unrestrained
application of the loads, as will be explained below. The distance between
the loads LF and the span L of each beam are given in Table 7.1. A more
precise drawing of the load and support locations for each tested specimen
is given in Fig. F.1.
The two central loads are applied by means of a centrally loaded load-
distributing beam which rests on the specimen’s top flange by means of
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Figure 7.1: Sketch of LTB test set-up.
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steel spheres (Fig. 7.2), so that a hinged load introduction is obtained. The
central load F is applied by means of a loading frame (Fig. 7.3) welded to
the load-distributing beam, pulled downwards by a manually operated
hydraulic jack through a tension cable connection. The loading system
allows for any lateral movement of the member by means of a roller
mechanism (Fig. 7.4), designed to guarantee a vertical load introduction
throughout the test.
At the beam ends, the beams were supported by fork bearings (Fig. 7.5).
The flanges were removed locally at the beams’ extremities, which allowed
the beam ends to be clamped vertically along their web. Due to the
presence of roller bearings at the top and bottom of the clamps, the rotation
about the vertical z-axis was free. Since the beam ends rested vertically
on a steel cylinder, the rotation about the y-axis was also free. However,
the rotation about the longitudinal x-axis and the vertical displacement w
(in z-direction) were restrained.
The direction of lateral-torsional buckling was determined by choosing
the direction of the imperfection so that it was directed towards the
observer. As a result, the axes are as drawn in Fig. 7.6.
Table 7.1: LTB specimen geometry and maximum load Fexp.
specimen L LF Fexp
name [m] [m] [kN]
CS1_L3 3.150 0.210 25.92
CS1_L4 3.990 2.940 23.06
CS1_L6 6.090 1.890 6.39
CS2_L3 3.150 0.210 22.34
CS2_L4 3.990 2.940 23.62
CS2_L6 6.090 1.890 6.41
7.1.2 Instrumentation
During the experiments, three types of measurements occurred. Firstly,
the load was measured and recorded by a load cell placed on the hydraulic
jack. Secondly, the displacements were measured at various locations
using displacement transducers1, as pictured in Fig. 7.7 and shown sche-
matically in Fig. 7.8. Lastly, the longitudinal strains were measured above
the central opening, at both sides of the web, using electric strain gages
(Fig. 7.9, exact location in Appendix F, Fig. F.2). The latter measurements
could be used to observe more easily when the beam starts to buckle. A
detailed overview of all instrumentation is given in Table F.1.
1Linear Variable Differential Transducers (LVDT).
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Load 
distributing 
beam and steel 
spheres 
Figure 7.2: Load-distributing beam and steel spheres.
Loading frame 
Figure 7.3: Loading frame.
Hydraulic jack 
with roller 
mechanism 
Figure 7.4: Hydraulic jack and roller mechanism.
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Figure 7.5: Fork bearing supports at the ends of the beam.
General 
overview and 
axes directions 
x 
y 
z 
Figure 7.6: General overview of LTB test set-up and axes directions.
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Figure 7.7: Displacement transducers.
w2 w3
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v8 v10
v9w1
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y,vx
Figure 7.8: Schematic overview of displacement transducers.
The horizontal displacements v7 − v10 are not measured on the speci-
men itself, but on a thin steel strip which is clamped to the specimen, as
can be seen in Fig. 7.7. The vertical distance between the two measurement
locations was 160 mm. The horizontal displacement v4 of the roller
mechanism (and consequently also the hydraulic jack) was measured
to check whether the loading system effectively followed the horizontal
displacement of the specimen when it buckled sideways.
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Strain gages 
Figure 7.9: Strain gages.
Figure 7.10: Buckling failure of CS2_L6: before loading (top) and at
failure load (bottom).
119
CHAPTER 7. BUCKLING EXPERIMENTS
0 500 1000 1500
t im e [s]
0
10
20
30
40
F [kN]
CS1_L3
CS2_L3
CS1_L4
CS2_L4
CS1_L6
CS2_L6
preload
Figure 7.11: Variation of applied load during LTB experiments.
7.1.3 Loading procedure
Each experiment started with a preload sequence of approximately 10% of
the expected failure load to remove possible tolerances at the supports. For
the members of 6 m long, this preload was 1 kN, while for the two shorter
member lengths the preload magnitude was 2 kN. After the preload was
reached, the load was decreased until (almost) zero. Subsequently, the
beam was loaded until failure or until no higher load could be obtained
(Fig. 7.10) using the hydraulic jack, after which the beam was unloaded.
The complete loadings sequence can be seen in Fig. 7.11.
7.2 Results and discussion
All members failed in a lateral-torsional buckling mode (Fig. 7.10). The
obtained maximum loads Fexp are given in Table 7.1. As expected, the
failure loads are the largest for the specimens with the lowest slenderness
(and lengths). It was expected that the failure load of the L3 members
would be the most influenced by imperfections and residual stresses. For
the two tested L3 members, it can be seen that the failure load of the
CS2_L3 member is considerably lower (11%) than the failure load of the
CS1_L3 member. This could be due to the higher residual stresses in the
member due to the production process. For the other member lengths
(L4 and L6), the failure loads are similar for the CS1 and CS2 geometries
(2.4% difference for L4; 0.3% difference for L6).
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All displacements were considered relative to the displacement after
the first load decrease. From the measured displacements, the following
displacements and rotations were derived. The specimen rotation ϕx,1
and ϕx,2 are the rotations about the x-axis ϕx of the test beam, at location 1
(under the left load) and location 2 (under the right load) (Eqs. 7.2.1-7.2.2).
At these locations, the values of vmid were also determined, which are
the mean values of horizontal displacements v7-v8 and v9-v10 (Eqs. 7.2.3-
7.2.4). The mean vertical displacement of the load-distributing beam wmid,
is given by Eq. 7.2.5. Lastly, the rotation about the x-axis of the load frame
ϕx,LF was determined (Eq. 7.2.6).
ϕx,1 = arctan
(
v8 − v7
160 mm
)
(7.2.1)
ϕx,2 = arctan
(
v10 − v9
160 mm
)
(7.2.2)
vmid,1 =
v7 + v8
2
(7.2.3)
vmid,2 =
v9 + v10
2
(7.2.4)
wmid =
w2 + w3
2
(7.2.5)
ϕx,LF = arctan
(
v6 − v5
672 mm
)
(7.2.6)
In Fig. 7.12, the load displacements curves for ϕx,1 are drawn, while in
Fig. 7.13, the curves for wmid are shown. The load-displacement curve for
vmid,1 is given in Fig. 7.14. Some values are not drawn; these displacements
were not measured because the maximum range of the displacement
transducers was reached or because other technical errors occurred.
The load-displacement curves (Figs. 7.12-7.14 ) clearly illustrate the
plastic behaviour of the shorter L3 members, where a remaining plastic
deformation remains present after the unloading of the member.
As can be seen in Figs. 7.12-7.14, both the load and displacement were
still increasing very slightly just before the removal of the load for the
longer L6 specimens. Due to the manual operation of the hydraulic jack, it
was very difficult to obtain higher loads, resulting in a possibly premature
end of the experiments for these specimens.
As can be seen in Figs. F.12-F.14, of which an example is given here
in Fig. 7.15, the roller mechanism did not always follow the horizontal
displacement v of the buckled beam. This is mainly so for the shorter beam
lengths, which are characterized by small displacements and relatively
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Figure 7.12: Load F vs. specimen rotation ϕx,1.
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Figure 7.13: Load F vs. vertical displacement loading beam wmid.
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Figure 7.14: Load F vs. horizontal displacement specimen vmid,1.
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Figure 7.15: CS2_L3: F vs. v4 − v6.
large loads, causing the executed friction force at the roller mechanism
to be larger than the force driving the mechanism sideways. Due to the
non-vertical tension cable, a stabilising horizontal force will be present.
However, it will be illustrated in the validation study in Section 8.2 that
the influence of this horizontal force is small.
In Appendix F.3, an extensive overview is given of (some of) the
measured load-deflection curve for each specimen (more precisely: w2 −
w3, v7 − v10, ϕx,1 − ϕx,2, v4 − v6 and ϕx,LF). It was observed that the
displacements were symmetrical about the vertical symmetry axis, as
expected.
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7.3 Summary and conclusions
In this chapter, the executed lateral-torsional buckling experiments were
described.
• In total six LTB experiments were executed. For each of the two
considered geometries (CS1 and CS2), three lengths were considered,
approximately corresponding with slendernesses of 1.2, 1.6 and 2.0.
All considered specimens failed by lateral-torsional buckling.
• The results of the buckling experiments will be used to validate the
finite element model.
• The test set-up was a four point bending test with fork supports.
The two loads were applied through a centrally loaded load division
beam that was connected via a load frame and a cable to a hydraulic
jack. The hydraulic jack was mounted on a roller mechanism, so
that it could follow the horizontal movement of the test beam. Thus,
the horizontal movement at the points of load introduction was
expected to be unrestrained.
• However, it was observed that the roller mechanism did not always
follow the horizontal movement of the beam fluently. As a result,
there will be a stabilising horizontal force at the points of load
introduction that possibly needs to be included in the finite element
model used for validation.
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Numerical model
The numerical model used for the parametric studies is presented in this chapter,
which consists of two parts. In the first part, a detailed description of the
used model and its derivation will be given. In the second part, the model
will be validated by comparing the results of the numerical model with the
results of LTB experiments. The studied LTB experiments are those executed at
Ghent University (described in Chapter 7) and those executed at the EIA-FR
in Fribourg (cf. Section 2.5.1.2), about which detailed information is given in
(Nseir et al., 2012).
All numerical simulations done by the author were executed in Abaqus
(Dassault Systèmes, 2009), (Dassault Systèmes, 2011).
8.1 Description and development of numerical
model
In this part, the numerical model used for the parametric study will be
described.
The numerical model and the used imperfections are based on the
’model column’ approach used for the determination of the column
buckling curves. This model column was chosen to match the m-2s
(mean minus twice the standard deviation) value of the experimental
results as closely as possible (cf. Section 4.3.1.2). As a result, the executed
study, with its fixed values of the dimensions, material properties and
imperfections, will be more of a deterministic nature than of a probabilistic
nature.
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Figure 8.1: Modelling of cross-section. The shell elements are located
at the dashed line and the overlap between the elements is shown in
black.
8.1.1 Choice of element type and mesh
The flanges and webs of the castellated and cellular elements were mod-
elled by shell elements. As a result, the fillet between the web and the
flanges was not taken into account, which was partially compensated
by the overlap of material at the web-to-flange intersection (Fig. 8.1).
However, since this was done for the numerical model as well as for the
theoretical expressions, the effect of this simplification on the buckling
curve definition in function of the dimensionless parameters λ¯ and χ
is expected to be small (cf. Section 4.1.1 for more details). During the
formulation of the model, different checks occurred on a plain-webbed
I-section beam and an even less complex plate loaded in bending to verify
the behaviour of the elements. Based on the observed hourglassing for
the reduced first order shell elements (S4R and S4R5) and the longer
calculation time for the S4 element, it was chosen to use S8R-elements
(quadratic shell elements with reduced integration).
After a mesh refinement study (Gevaert, 2010); (Vancaeyseele, 2010),
the mesh size was chosen such that six conditions were met: at least
two elements should be present along the width of each web post; six
elements along the flange width; two elements in the web of the tee and
six elements along the length of an opening, with a minimum dimension
of 0.03 m. The element size for the cellular members was prescribed
uniformly across the member. For the castellated members, the global
element size was based on all but the first condition, with a possible local
refinement in the web post based on the first condition. The utilized mesh
and element type was further validated during the benchmark study
described in Section 8.2.3, in which the results of the Abaqus model were
compared with those of an independently constructed model in FINELg
for a number of different geometries, load cases and analysis types.
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Figure 8.2: Boundary conditions and constraints at supports. U1, U2
and U3 are the displacements in x-, y- and z-direction respectively,
while UR1 is the rotation about the x-axis.
8.1.2 Boundary conditions and load application
The boundary conditions were chosen to match the behaviour of the
theoretically assumed fork supports in the derivation of the critical bend-
ing moment as closely as possible. This was done by comparing the
numerically obtained elastic buckling moment of a simply supported
plain-webbed I-beam with the corresponding theoretical value of the
critical moment Mcr. At both ends of the member, the displacement of all
nodes in y- and z-direction, as well as the rotation about the x-axis was
restricted. Additionally, the displacement in x-direction of the central web
node was prevented at one end of the member. Local deformations due
to the boundary conditions or load application were prevented by using
kinematic coupling constraints which impose that the web of the cross-
section keeps its shape at the ends, without preventing the warping of the
flanges. The described boundary conditions and constraints, depicted in
Fig. 8.2, were also used (and checked) for the column buckling case, and
could also be used for the study of buckling of eccentrically compressed
members.
The uniform strong-axis bending moment and the compressive force
were applied at both member ends by means of line loads acting on the
flanges and the web, corresponding with a single or double rectangular
stress diagram, for the compression and bending case, respectively.
8.1.3 Type of analysis
Two types of analysis were executed. The critical load was determined by
performing a linear buckling analysis (LBA), in which the critical loads
and eigenmodes are determined by means of an eigenvalue analysis. This
analysis was always executed for a perfectly elastic member without
imperfections.
Additionally, GMNIA calculations were executed. This geometrically
non-linear analysis accounted for non-linear material behaviour and
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imperfections and was performed using the modified Riks method, an
arc length technique. The member is loaded in compression or bending,
and the maximum load that the member can carry is considered to be the
resistance of the considered member. As imperfections, both geometric
imperfections and residual stresses were introduced in the model.
8.1.4 Non-linear material behaviour
As material, only steel of grade S235 was considered, modelled by a bilin-
ear stress-strain curve without strain hardening, with a Young’s modulus
E of 210 GPa and a nominal yield stress fy of 235 MPa. For this yield
stress, the effect of the residual stresses will be the most detrimental as its
magnitude relative to the yield stress will be the largest. Consequently,
the buckling curves derived for this value of the yield stress will be safe.
The reduction of the yield stress that occurs for larger material thick-
nesses was not taken into account, either in the numerical model or in
the theoretical approach, so that a uniform fy of 235 MPa was used for
all calculations. It is assumed that the effect of strain hardening, which
has an advantageous influence on the buckling resistance, is small for the
considered values of the slenderness.
As already said above, the material will be considered perfectly elastic
for the LBA analysis, using only the elastic material properties. The used
Poisson’s ratio of the elastic steel was 0.3.
8.1.5 Geometric imperfections
The geometric imperfections were introduced in the model through an ad-
ditional inputfile which defined the displacement from the perfect model
to the imperfect model. As geometric imperfection, a half-sine wave
with amplitude L/1000 was chosen in both the FB and LTB simulations,
as a first approximation. This corresponds to the amplitude that was
originally used to determine the buckling curve values of the ECCS. Only
an out-of-plane imperfection (in strong axis direction) was applied, as
depicted in Fig. 8.3.
Since it was expected that the influence of local imperfections on the
global buckling behaviour would be small (Boissonnade and Somja, 2012),
only global imperfections were considered.
8.1.6 Residual stress pattern for cellular and castellated
beams
It was assumed that the residual stress pattern was equal to the patterns
proposed in Fig. 6.14, depending on the dimensions of the parent sections.
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Figure 8.3: Assumed geometric imperfection.
The residual stresses were applied using a user subroutine where the
longitudinal residual stresses were defined in function of the coordinates
of the nodes of the imperfect model.
The shape of the residual stress pattern for the web of Fig. 6.14 was
based on the results of a numerical study executed by the author, in
which the effect of different σres distributions on the buckling resistance
of plain-webbed members with different web heights was examined.
In this study, the considered geometries were based on the geometries
used for the residual stress measurements (cf. Chapter 5): plain webbed
IPE160 sections were considered, with different web heights, correspond-
ing with the parent section heights and the castellated member heights.
The utilized boundary conditions, considered load cases, the mesh, the
material behaviour and the geometric imperfections are described in
the previous sections of this chapter. Only GMNIA calculations were
executed. By considering nine different member lengths, the slenderness
varied between 0.5 and 1.8. It was confirmed that the residual stresses in
the flange determined the LTB and FB resistance, and that the residual
stresses in the web could be neglected. As a result, only the flange residual
stresses were introduced accurately in the model. However, the resultant
of the flange stresses being compressive, equilibrating tensile stresses were
necessary in the web to have a residual stress pattern with a zero resulting
normal force. For these equilibrating web stresses, a uniform stress value
was proposed. The study demonstrated that the web area on which these
equilibrating residual stresses were applied was of little importance1, as
long as the assumed yield stress was not exceeded for the stress value.
Thus, it was decided to apply the equilibrating web stresses only in the
web part that constitutes the web at the tee section, enabling a uniform
residual stress pattern along the length of the member. Additionally, it
was shown that the effect of the measured modified residual stress pattern
of CS1 and CS3 (Fig. 6.8) was detrimental for the LTB and FB resistance,
with a resistance reduction of up to 7% for FB and 9% for LTB, compared
to the resistance of members with the original ECCS pattern in the flanges
1The maximum difference between the results obtained for an equilibrating web stress
over the full web height and the resistance obtained for equilibrating stresses over the tee
section height was 2%.
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(Fig. 3.7). If the residual stress pattern that was measured for the CS2
geometries2 was introduced in the model, the effects were even more
detrimental, with a resistance reduction of 22% for both LTB and FB.
In preliminary research, some simulations were executed using a
modified model with the ECCS residual stress pattern for the flanges,
while the web remained stress-free (Sonck et al., 2012). The obtained
results for this modified model will also be compared with the results of
the parametric study in Chapter 9.
8.2 Validation of finite element model
The model described above was already partially validated by comparing
its results with the results obtained for plain-webbed members loaded in
compression or bending, both for a linear analysis as a linear buckling
analysis. However, some further validation specifically for a castellated
or cellular member, was still necessary. For this validation the results
of two sets of experiments were compared with the numerically de-
termined buckling resistances. The first set of experiments were the
LTB experiments which were executed at Ghent University (described
in Chapter 7). The second set were the LTB experiments executed at the
EIA-FR (Fribourg, Switzerland) (Nseir et al., 2012), the author having
been present at one of the experiments. Combining these two sets of
experiments, a wide range of slendernesses is covered.
No validation occurred for the FB failure, but this is assumed to be
adequately covered if the more complex LTB behaviour of the members is
correctly modelled.
Lastly, a comparison between the different finite element packages has
been made as well: the results of the Abaqus model used in this study
have been compared with the results of the FINELg software. This is
described shortly in the last part of this section.
8.2.1 LTB experiments at Ghent University
The six LTB experiments described in Chapter 7 were used for the valida-
tion of the numerical model.
Each member was modelled as described in Section 8.1, but using
the (reworked) measured dimensions and material properties given in
Appendix G.1. For the modulus of elasticity, a mean value of 205 GPa was
used. The perfect fork-end boundary conditions described above were
also used in this model, but the member was now loaded by two point
2These were made according to the non-standard production process, using an additional
cutting process for the circular openings.
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Table 8.1: Fexp and slenderness λ¯abq of the CS1 specimens (UGent).
spec. Fexp Fcr,abq Fpl,abq λ¯abq Fabq
Fexp
Fabq
− 1
name [kN] [kN] [kN] [-] [kN] [%]
CS1_L3 25.92 28.3 80.1 1.68 24.29 6.7
CS1_L4 23.06 26.3 107 2.02 24.25 -4.9
CS1_L6 6.39 8.6 56.5 2.56 27.79 -77.0
loads. The part of the member outside the supports was neglected, as was
the removal of the flanges at the ends of the beam.
In the CS1 geometries, the residual stress pattern from Fig. 6.14 for
h/b > 1.2 was introduced uniformly along the members’ length, corres-
ponding with the best fit of the measured residual stresses in the flange
of the considered specimens (cf. Chapter 6). For the CS2 geometries, the
latter pattern was used as well, because it corresponded with the residual
stresses measured at the web post. At the tee section however, more
detrimental residual stresses were measured in the flanges, due to the
additional cutting procedure of the circular openings (cf. Fig. 6.15). As
a result, the analysis was executed twice, once with the residual stress
pattern for the web post (WP) and once with the residual stress pattern
for the tee section (TS), uniformly applied along the members’ length.
For the geometric imperfections, it was decided to use an eigenmode
shaped imperfection with an amplitude of L/1000, instead of using the
measured values of the imperfections. The measured values were not used
because they were too small compared with the measurement precision,
making it difficult to draw definitive conclusions from the measurement
results.
In Tables 8.1-8.2, an overview is given of the experimental total failure
load Fexp, as well as the numerically calculated slenderness λ¯abq and the
obtained numerical failure load Fabq. For CS2, values are given for Fabq,WP
and Fabq,TS, corresponding with the different introduced residual stress
patterns as described above. The largest influence of the imperfections
and residual stresses is expected for the shorter specimens, while the
longer specimens will behave almost completely elastically. Thus, the
elastic buckling behaviour and the effect of the openings can be examined
for the latter members.
In Figs. 8.4-8.7, the load-displacement curves are drawn for each
considered specimen. As displacements, the vertical displacement w
and the rotation ϕ at the points of load introduction were compared
with the values of wmid and ϕx = (ϕx,1 + ϕx,2)/2 measured during the
experiments (cf. Chapter 7).
For the CS1_L3 and CS1_L4 specimens, the numerical results agree
well with the experimental results. However, large deviations can be
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Figure 8.4: Load-displacement curve for CS1 (UGent).
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Figure 8.5: Load-displacement curve for CS2 (UGent).
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Figure 8.6: Load-rotation curve for CS1 (UGent).
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Figure 8.7: Load-rotation curve for CS2 (UGent).
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Table 8.2: Fexp and slenderness λ¯abq of the CS2 specimens (UGent).
spec. Fexp Fcr,abq Fpl,abq λ¯abq Fabq,WP
Fexp
Fabq,WP
− 1 Fabq,TS FexpFabq,TS − 1
name [kN] [kN] [kN] [-] [kN] [%] [kN] [%]
CS2_L3 22.34 27.8 74.6 1.64 23.84 -6.3 21.81 2.4
CS2_L4 23.62 25.9 104 2.00 23.95 -1.3 22.06 7.1
CS2_L6 6.41 8.5 52.8 2.49 24.47 -73.8 26.95 -76.2
seen for the failure behaviour of the CS1_L6 specimen. In the numerical
model, the member will keep deforming under the increasing load until
the flanges in the zone between the point loads and the supports become
completely plastic due to the combination of bending and torsion. This
will occur at an angle ϕ of -80° and a displacement w of -500 mm. Thus,
the modelled member will not fail by lateral-torsional buckling but will
fail plastically at extremely large deformations3. Additionally, there is the
possibility that higher loads could have been obtained experimentally if
the load were applied differently, as the experiment had to be stopped
prematurely because, at a certain point, the manually operated hydraulic
jack could no longer induce a load increase. Nevertheless, it seems
unlikely that the numerically determined load Fabq could be reached
experimentally, because the support conditions were not designed to
take into account these large deformations. This illustrates that the beam
behaviour which is observed numerically for the larger slendernesses is
questionable, as well as the obtained failure loads. If only the elastic part
of the behaviour is considered for CS1_L6, an almost perfect agreement
of the numerically and experimentally obtained displacements can be
observed.
The experimental results obtained for the CS2_L3 and the CS2_L4
specimens agree reasonably well with the numerical results for both
residual stress patterns. However, for the CS2_L3 specimen, the residual
stress pattern at the tee section (TS) seems to give a better match, while
the residual stress pattern at the web post (WP) seems to be better suited
for CS2_L4. This could be explained by the position of the loads for
both geometries: for the shorter CS2_L3 specimen, only one opening is
present between the loads, while nine openings are present between the
loads for the CS2_L4 specimen. Thus, the influence of the tee section
residual stresses will be larger for the CS2_L3 specimen than for the
CS2_L4 specimen. However, no definitive conclusions can be drawn, as
more experiments and residual stress measurements would be necessary
to determine the exact variation of the residual stresses in axial direction
and the effect of this on the buckling resistance. Since the non-standard
3A bifurcation with a lower path along the load-deformation path could also explain this
behaviour, but no indications were found that this occurred.
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CS2 members are not the focus of this investigation, this was not further
considered. For the longer CS2_L6 specimen, the same behaviour as for
the CS1_L6 specimen can be observed.
Considering the failure behaviour of the L3 and L4 specimens, and
the linear elastic behaviour of the longer L6 specimens, a good agreement
is obtained between the numerical model and the experiments. However,
it should be pointed out that the additional torsional stiffness of the fillet
between the flanges and the web was neglected in the numerical model,
which could increase the critical load and the corresponding numerically
obtained resistance.
Additionally, the numerically obtained failure loads for the longer
beams should be considered carefully, as it is possible that these beams
will fail numerically by plasticity at extremely large deformations instead
of the expected LTB behaviour. Because this occurs at very large de-
formations, the limiting of these deformations would govern in reality,
instead of reaching the maximum load. The deviations between the
observed numerical and experimental behaviour could be caused by the
assumed imperfection size or shape, or possibly also the smaller assumed
torsional stiffness (which would increase the torsional rotation ϕ , as can
be observed here). The observed behaviour is a known phenomenon,
which has already been described in (Taras, 2010) and (Boissonnade and
Somja, 2012).
8.2.2 LTB experiments at EIA-FR
In the summer of 2011, three lateral-torsional buckling experiments were
executed at the EIA-FR in Fribourg (Switzerland), during one of which
the author was present. The experiments were executed for a study
independent of this work, but the results could nevertheless serve to
expand the current validation study. Details about the measured geometry
and yield stress of the tested beams can be found in Appendix G.2. More
details about the study can be found in (Nseir et al., 2012).
Two LTB experiments were executed on cellular members with a
HEA340 and IPE330 parent section, and one experiment was executed on
an Angelina beam with IPE330 parent section. All experiments were four
point bending tests with lateral supports at the points of load application
and at the supports. At these four locations, vertical stiffeners were
welded to the beam to avoid local buckling. Because of the specific
support conditions, the shear force at the ends of the beam would be-
come considerably high. To prevent Vierendeel mechanisms around the
openings at the beam ends, it was chosen to fill the openings between the
supports and the points of load application. The boundary and loading
conditions were chosen in such a way that the central part of the beam
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had conditions which were reasonably close to the classical LTB set-up
(disregarding the effect of the stiffness of the ends of the beam).
All members were modelled as explained in Section 8.1, but using the
measured dimensions, measured yield stress and a mean value of the
modulus of elasticity (205 GPa). As geometric imperfection, a sideways
deflection and rotation were introduced in the middle part between
the loads, approximating the LTB eigenmode of the middle span. The
maximum horizontal displacement was L/1000, with L being the length
of the middle part of the beam. Since no residual stresses were measured
on the tested specimens, the residual stresses introduced in the model
were the stresses proposed in Fig. 6.14. For the specimens with an
IPE330 parent section, the residual stress pattern with lower compressive
flange stresses was used (h/b > 1.2), while the σres pattern with higher
compressive flange stresses was used for the specimen with an HEA340
parent section (h/b ≤ 1.2). For reasons of simplicity, the Angelina
beam was approximated by modelling a castellated member with similar
opening dimension.
The stiffeners and beam were all modelled together in one part, but
different shell section properties were defined for the flanges, the web
and the stiffeners. The sideways supports were modelled by preventing
horizontal movement of the nodes at the outside of the stiffeners (this
way the sideways movement of the outer points of the flanges was
also prevented). The vertical supports were modelled by preventing
the vertical movement at the bottom of the flanges. Additionally, the
movement of a central node was prevented in longitudinal direction.
In Table 8.3, an overview is given of the specimens, the obtained
experimental total failure load Fexp and the numerically determined
slenderness λ¯abq. It should be pointed out that the lowest eigenmode
obtained during the LBA calculation to determine Fcr,abq was a local
buckling eigenmode (at 5038 kN) for the HEA340 specimen, due to the
short length of the beam. However, due to the almost plastic failure of
this member, the influence of this local buckling on the beam’s resistance
could be neglected. For the other two beams, the lowest eigenmode was
the lateral-torsional buckling mode. Considering the obtained values of
the slenderness, it was expected that the HEA340 specimen would fail
almost completely by plastic yielding, with only a very small influence
of the applied imperfections. For the other two specimens, the influence
of the residual stresses and imperfections was expected to be relatively
large.
The obtained resistances of the specimens Fabq, calculated in a GMNIA
calculation, are also listed in Table 8.3. It can be seen that a good agreement
is obtained between the experimental and the numerical results for the
HEA340 and IPE330 specimens. This is also visible in Fig. 8.8, where the
load displacement curve is drawn, considering the vertical displacement
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Table 8.3: Fexp and slenderness λ¯abq of the specimens (EIA-FR).
specimen parent Fexp Fcr,abq Fpl,abq λ¯abq Fabq
Fexp
Fabq
− 1
name type section [kN] [kN] [kN] [-] [kN] [%]
HEA340 cellular HEA340 1977 6397 2082 0.57 1775 11
IPE330 cellular IPE330 176.9 233.8 361 1.24 179.2 -1
Angelina Angelina IPE330 235.1 282.7 312 1.05 192.7 22
Angelina 203.1* 16*
*: obtained with modified value of fy= fy,mean,S235=310 MPa
of the central point of the top flange. For the Angelina specimen, the
agreement is less good, possibly due to the manner in which the openings
were modelled, or because the residual stresses were less severe than
those assumed in the numerical model (e.g. due to the straightening of
the member). Additionally, a rather low value of the yield stress was
obtained experimentally4. Assuming a higher value of the yield stress,
equal to the mean yield stress of 310 MPa given for S235 in (Simões da
Silva et al., 2009), would give slightly better results, as can be seen in
Table 8.3.
In a preliminary validation study, the influence of the assumed im-
perfection was studied as well (under the assumption that σres = 0) .
Here, the difference between a lateral half sine wave imperfection and the
eigenmode-conform imperfection described above (both with amplitude
L/1000) was examined. For the HEA340 specimen, the difference between
both imperfections was almost non-existing, which was to be expected
considering the low slenderness of the specimen. For the IPE330 and
Angelina specimens, the failure load Fabq for the purely lateral imperfec-
tion was 2% higher than for the eigenmode-conform imperfection. As
a result, it is expected that the influence of the imperfection shape is
relatively small.
8.2.3 Benchmark study
A limited benchmarking study was executed, in which the numerical
results obtained using the Abaqus software were compared with results
obtained using the FINELg5 software. In this study, a number of numer-
ical results and calculation times were compared. For these comparisons,
both I-section IPE600 and HE320A members, as well as cellular members
4when compared with the mean values and standard deviation given in (Simões da Silva
et al., 2009)
5A finite element package which has been developed by the University of Liège and
Greisch Engineering Office since 1970. This software package is used extensively at the
EIA-FR (Fribourg), among others for the numerical simulations in (Nseir et al., 2012).
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Figure 8.8: Load-displacement curves (EIA-FR).
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made from these geometries were considered. Only simply supported
columns loaded in compression and beams loaded in strong-axis bending
were considered. The results for GMNIA, LBA and MNA calculations
were compared. The computers used for the calculations were those
normally used for the software: the Abaqus computer was more powerful
than the FINELg computer. Consequently, the comparison of calculation
times should be considered in this light, and was mainly useful for the
author to determine whether important time savings could be made by
switching the calculation software.
The differences between the results using both software packages
were observed to be sufficiently small (< 3%), which is a supplementary
validation for the utilized Abaqus model. Although the calculation time
for the non-linear FINELg simulations was often twice as small as for the
Abaqus simulations, it was decided to keep using the Abaqus software
due to the necessary time investment to learn the less-supported FINELg
software.
8.3 Summary and conclusions
In this chapter, the used numerical model and its validation were de-
scribed.
• The choice of imperfections and geometry is partially based on the
assumptions made for the ’model column’ during the derivation of
the column buckling curves. The introduced residual stress pattern
is based on the measured residual stresses and the considerations
made in Chapter 6. As geometric imperfection, a lateral half-sine
wave imperfection with magnitude L/1000 is introduced in the
member, the shape independent of the applied load on the member.
• The finite element model was validated using the previously de-
scribed experimental results obtained at Ghent University, as well as
the results of LTB experiments executed at the EIA-FR in Fribourg.
By considering both sets of experiments, the validation could be
executed for a large range of considered slenderness values.
• Overall, a good agreement was obtained between the numerical and
experimental results. Only for the longer beams, the numerically
obtained failure loads should be studied carefully to make sure that
the modelled member really fails by LTB.
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Global buckling: parametric
study
A numerical parametric study was executed to determine the failure behaviour of
cellular and castellated members loaded in bending or compression. The effect
of the members’ geometry was studied by numerically determining the critical
buckling load in LBA calculations. Additionally, the effect of the geometry and
the modified residual stresses on the buckling resistance was studied through
GMNIA calculations. The numerical model used in the parametric study is
described in Chapter 8.
In this part, an overview will be given of the parameters varied in the
parametric study, after which the results for the compression and bending load
case will be given and compared with different proposed approaches for the critical
load and buckling resistance. Based on these comparisons, a further step towards
buckling curves for castellated and cellular member will be taken in Chapter 10.
A large part of the parametric study was carried out using the STEVIN
Supercomputer Infrastructure at Ghent University, funded by Ghent University,
the Flemish Supercomputer centre (VSC), the Hercules Foundation and the
Flemish Government – department EWI.
9.1 Studied parameters
In the parametric study, the studied parameters were the parent section
choice and the geometry of the circular and hexagonal openings, as
well as the members’ length. Numerical simulations were executed for
columns loaded in compression and beams loaded by a uniform bending
moment about the strong axis. Concerning the geometry, load cases and
145
CHAPTER 9. GLOBAL BUCKLING: PARAMETRIC STUDY
Table 9.1: Considered parent section dimensions.
Section h b tw t f
name [mm] [mm] [mm] [mm]
IPE300 300 150 7.1 10.7
IPE600 600 220 12.0 19.0
HE320A 310 300 9.0 15.5
HE650A 640 300 13.5 26.0
HE320M 359 309 21.0 40.0
HE650M 668 305 21.0 40.0
boundary conditions, the reader is reminded of the scope of this thesis (cf.
Section 1.3).
9.1.1 Parent sections
Six European structural shapes were considered for the parent sections,
with dimensions as listed in Table 9.1 (symbols according to Fig. 4.3).
This choice was based on the available parent sections for cellular and
castellated members in the ArcelorMittal sales catalogue (ArcelorMittal,
2008a), as these were considered to be representative of regularly used
sections. In this catalogue, IPE parent sections ranging from IPE200 to
IPE750, wide flange HE sections ranging from HE260 to HE1000 and extra
wide flange HL sections, ranging from HL920 to HL1100 are available.
For the IPE parent sections, IPE300 and IPE600 parent sections were
selected, in order to cover the normal application area without taking the
extreme sections. For the wide flange HE sections, the HEA, HEB and
HEM are most often used. The selected parent sections were HEA and
HEM sections, in order to have the largest possible variation of section
properties. In order to have an as similar as possible web height hweb =
h− 2t f for all studied parent sections, HE320A and HE320M sections, as
well as HE650A and HE650M sections were selected. The heavier HE and
HL sections were no longer considered, since it is not certain whether the
proposed residual stress pattern would be valid for these extremely heavy
sections. Additionally, this would make a comparison between the three
section types impossible.
Due to the h/b ratio of the parent sections, the compressive residual
stress magnitudes will be larger for the HE320A and HE320M sections
than for the remaining sections (cf. Fig. 6.14).
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Table 9.2: Cellular member geometries.
factor chosen values
fa 0.8 1.0 1.2
fw 0.1 0.4 0.7
9.1.2 Geometry
A large group of different cellular and castellated member geometries
made from the parent sections was obtained by varying certain parameters
for the opening dimensions and member lengths as described below. The
cellular and castellated member dimensions are depicted in Fig. 2.3. For
all considered geometries, the width of the web posts at the end of the
members wend was chosen as equal to twice the web post width w. All
considered geometries were doubly symmetric, made from one parent
section.
An overview of the extreme heights H and opening heights a of the
studied geometries is given in Appendix I, Tables I.1 and I.2.
9.1.2.1 Cellular member openings
The geometry of the studied cellular member openings is determined by
a set of two independent factors. The diameter of the openings a can be
determined using a factor fa, according to expression 9.1.1 . Additionally,
the web post width w can be determined from the opening width `o using
a factor fw and expression 9.1.2.
a = fah (9.1.1)
w = fw`o = fwa (9.1.2)
Based on the often used values given in (ArcelorMittal, 2008b) and
on the geometric constraints given in Appendix A.2, three different
values were considered for fa and fw (Table 9.2). Once the dimensions
of the openings diameter a and the web post width w are known, the
resulting cellular member height H can be determined using Eq. A.1.1
from Appendix A.1.
From this group of geometries, only the geometries which fulfilled
the geometric constraints given in Appendix A.2 were selected. Thus, all
feasible cellular member geometries made from the six parent sections
were considered.
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Table 9.3: Castellated member geometries.
factor chosen values
fH 1.4 1.5 1.6
α 45° 60° 75°
fw 0.1 0.3 0.5
9.1.2.2 Castellated member openings
The castellated member opening dimensions depend on a set of three
independent factors. The resulting member height is determined by
a factor fH according to Eq. 9.1.3, which also determines the opening
height a. Additionally, the opening angle α determines the value of c
according to Eq. 9.1.4. Lastly, the opening length `o and web post width
w can be determined using a factor fw, according to Eq. 9.1.5.
H = fHh = h +
a
2
(9.1.3)
c =
a
2tan(α)
(9.1.4)
w = fw`o = fw(w + 2c) (9.1.5)
The chosen values for the three determining parameters are given in
Table 9.3. The values for fH are based on the normal range of H/h. The
opening angle α is varied to cover a large amount of possible geometries
(going from Angelina like web openings to diamond web opening shapes).
The selected values for fw are similar to the values used for the cellular
geometries1.
Again, only the geometries which fulfilled the geometric constraints
listed in Appendix A.2 were considered.
9.1.2.3 Length
The length of each member was determined by a factor fL, which deter-
mined the minimum member length Lmin according to Eq. 9.1.6. For each
geometry, the smallest whole number of openings n corresponding with
the minimum length Lmin was determined.
Lmin = fL.H (9.1.6)
1...but slightly smaller, based on the values for the two standard castellated beam
geometries described in Appendix A.1 and on the additional geometric constraints described
for castellated members in the same appendix.
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For each parent section, the factors fL were chosen such that the
slenderness λ¯ of the corresponding group of geometries varied around
0.5, 1, 1.5, 2 or 2.5, with a minimum value fL,min of 5.
9.1.3 Load case and boundary conditions
Only the basic cases of simply supported members with fork-supports at
their ends, subjected to either a constant strong axis bending moment M or
a normal compressive force N were considered (as depicted Fig. 4.1). The
forks prevent the torsional rotation of the beam ends without preventing
the warping.
For the load case in which the beam is loaded by a force N, only
weak-axis flexural buckling was considered. While the smallest effect
of the modified geometry is expected to occur for this flexural buckling
mode, the influence of the modified residual stress pattern in the flanges
is expected to be the largest for this mode (cf. Section 3.3).
9.1.4 Determination of CS class
For all considered geometries, the cross-section (CS) class was determined
according to Appendix A.3. For each geometry and load case, three checks
have to be executed: the classification of the flanges; of the gross web
between two openings (at the web post); and locally, of the web at the
opening (at the tee section). The classification check for the web post
web depends on the stresses present in the web, and thus differs for the
compression and bending cases. The results of this classification check
are given in Tables I.1 and I.2 (Appendix I).
For the considered geometries, the flanges were always class 1. At
the openings, the cross-section was mostly class 2, but it could also be
class 3 for a limited number of castellated IPE300, HE650A and IPE600
geometries. When the member was loaded in bending, the CS class of the
web was class 1 except for a number of IPE600 geometries, where it was
class 2.
For members loaded in compression, the CS class of the web was
much worse: due to the large height of the gross cross-section at the
web post, the most detrimental obtained CS class was always class 4,
except for the HE320M geometries (class 1). For this cross-section class,
an effective cross-section Ae f f should be used to calculate the plastic
resistance Npl . For webs loaded in uniform compression, this effective
cross-section can be found by introducing a central opening with height
ae f f in the web, which can be calculated according to (CEN, 2006). For
all considered geometries, the value of ae f f was smaller than the value
of the opening height a which was already used to calculate the plastic
properties. Consequently, the cross-section at the opening still had a lower
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plastic resistance than the effective class 4 cross-section, and should be
used further for the plastic resistance calculations. As a result, the CS
classification of the web does not change the calculation of the plastic
resistance for the compression case, which should occur for the 2T section.
In the following calculations, the plastic resistance was used in all
expressions, not taking into account the local check at the web openings
for the global resistance check. While this gave good results for all
considered cases, further research may be necessary to examine the need
and formulation of this local resistance check.
9.1.5 Number of examined geometries
An overview of the extreme geometric properties obtained for each
parent section group is given in Tables I.1 and I.2., in Appendix I. In
total, 957 geometries were considered for the bending moment case and
980 geometries for the compression case. For each of those geometries,
two types of analysis were done, as mentioned in the next section.
9.1.6 Analysis type
As already mentioned previously, two types of analysis were executed.
The critical load was determined by doing a linear buckling analysis
(LBA) for a perfectly elastic member without imperfections. The values
obtained in this analysis will be used to determine the effect of the opening
geometry on the critical flexural buckling load Ncr,abq or the critical lateral-
torsional buckling moment Mcr,abq.
Additionally, GMNIA calculations were executed. Here, the member is
gradually loaded in compression or bending, and the maximum load that
the member can carry is considered as the resistance NRd,abq or MRd,abq
of the considered member. In this analysis, the effects of non-linear
geometrical and material behaviour, as well as imperfections and residual
stresses, were taken into account.
9.2 Compression: results and discussion
In the following, the obtained numerical results for the compressed
cellular and castellated members will be compared with the analytically
obtained results according to the proposed design rules. For this compar-
ison, a deviation factor ∆N will be used, which will give the deviation of
the numerically obtained result Nabq relative to the analytically calculated
result Nan for a certain variable N, according to Eq. 9.2.1. If ∆N is positive,
the studied design rule is safe compared to the numerical results, while
the rule is unsafe for negative values of ∆N .
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∆N =
(Nabq
Nan
− 1
)
.100% (9.2.1)
In order to match the numerical model, the cross-sectional properties
were calculated using the wire model described in Section 4.1.1 for all
analytical calculations. The used material properties are equal to these
used in the numerical model.
9.2.1 Critical load Ncr
Most of the examined members failed by weak-axis flexural buckling.
However, some members of the members with the lowest lengths buckled
locally. Further details about the obtained critical loads and geometries
are given in Appendix I, Section I.2. The results corresponding with this
local buckling behaviour were not further included in the study.
A comparison was made with Ncr,2T and Ncr,0, the former calculated
using the cross-sectional properties of the 2T-section at the tee section (as
given in Appendix H), while the latter was calculated using the gross-
cross sectional properties of the cross-section at the web post (using the
expressions from Section 4.1.1). Since only the weak-axis bending stiffness
will play a role here, the effect of the used expression will be very limited,
as will be seen in the study of the results (cf. infra).
The deviation between the obtained results and the analytical Ncr,2T
expression is drawn in Fig. 9.1. For Ncr,0, the results are very similar
(Fig. I.1 in Appendix I and Table 9.4). Furthermore, the obtained results
for the cellular and castellated member are almost identical. For the
shorter length members, unsafe deviations due to web distortion can be
observed, as depicted in Fig. 9.2 (cf. Section 4.2). However, these unsafe
deviations remain small and it is expected that they will be rendered
insignificant once the effects of plasticity are taken into account. After all,
the failure of these shorter members will be governed by plastic yielding
instead of elastic buckling. This is confirmed by the results for NRd in
Section 9.2.2. Taking this into account, the numerical results agree very
well with both proposed design approaches.
9.2.2 FB resistance NRd
The obtained resistances in the GMNIA analysis will be compared with
the resistances NRd,2T obtained using a 2T approach. For each considered
geometry, the dimensionless slenderness λ¯ is calculated analytically ac-
cording to Eq. 9.2.2. Additionally, the reduction factor χabq obtained
using the numerical resistance NRd,abq is calculated using Eq. 9.2.3. These
values are compared with the different existing buckling curves in Fig. 9.3
151
CHAPTER 9. GLOBAL BUCKLING: PARAMETRIC STUDY
0 10 20
L [m]
6
4
2
0
2
N
cr
,2
T
=
N
cr
,a
b
q
/N
cr
,2
T
-1
 [
%
]
IPE300
HE320M
HE320A
IPE600
HE650M
HE650A
Castellated columns
0 10 20
L [m]
6
4
2
0
2
N
cr
,2
T
=
N
cr
,a
b
q
/N
cr
,2
T
-1
 [
%
]
IPE300
HE320M
HE320A
IPE600
HE650M
HE650A
Cellular Columns
Figure 9.1: Deviation of Ncr,2T .
Table 9.4: Deviation of Ncr,2T and Ncr,0.
castellated ∆min ∆max ∆mean ∆median
members [%] [%] [%] [%]
∆Ncr,2T -5.0 0.0 -0.6 -0.3
∆Ncr,0 -5.1 -0.1 -0.8 -0.5
cellular ∆min ∆max ∆mean ∆median
members [%] [%] [%] [%]
∆Ncr,2T -4.4 0.0 -0.7 -0.3
∆Ncr,0 -4.5 -0.1 -0.9 -0.5
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Figure 9.2: Observed web distortion during FB.
(according to Section 4.3.1). The deviations ∆NRd from each buckling
curve, for each section separately, are given in Appendix I, Tables I.5 and
I.6.
λ¯ =
√
fy A2T
Ncr,2T
(9.2.2)
χabq =
NRd,abq
fy A2T
(9.2.3)
Again, the results for castellated and cellular members were very sim-
ilar. In Table 9.5, the buckling curve with the minimum value∑(χabq− χ)²
is given for each parent section group. For both member types, buckling
curve d gave the best results for the HE320M and HE320A geometries
(∆NRd,d ,min = 0.2%), while buckling curve c agreed best with the other
geometries (∆NRd,c ,min = 3.3%). The deviations from these buckling curves
are shown in Figs. 9.4-9.5. The buckling curve fit corresponds with the
assumed higher residual stresses for the HE320M and HE320A geometries
(Fig. 6.14), due to the higher initial residual stresses in the parent sections
(Fig. 3.7).
In Figs. 9.4-9.5, it can be seen that the deviations for the larger slen-
dernesses are always safe-sided, because the shape of the existing EC3
buckling curves does not fully match the obtained numerical results. As
can be seen in Fig. 9.3, the line of numerically obtained values is less steep
for higher slenderness values, causing the numerical results for the lower
slendernesses to match with a more detrimental buckling curve than the
results for the higher values of λ¯.
A comparison can be made with the proposal made in (Verweij, 2010)
(cf. Section 2.5) for the determination of NRd. It was proposed to use the
buckling curves proposed by the Eurocode for plain-webbed members,
which would agree with buckling curves b or c for weak-axis buckling,
depending on the depth-to-width ratio h/b of the cross-section. Due to
the increase of residual stresses during the production of the castellated
and cellular members, this proposal is unsafe.
As already mentioned above, similar calculations were done for cellu-
lar member geometries in (Sonck et al., 2012), the only difference being the
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Figure 9.3: NRd results: comparison with different buckling curves.
Table 9.5: Best fit EC3 buckling curve for ∆NRd .
parent h/b H/b buckling ∆NRd,EC3,min
section [-] [-] curve [%]
HE320A ≤ 1.2 ≥ 1.2 d -0.2
HE320M ≤ 1.2 ≥ 1.2 d 0.1
IPE300 ≥ 1.2 ≥ 1.2 c -2.7
HE650A ≥ 1.2 ≥ 1.2 c -3.3
HE650M ≥ 1.2 ≥ 1.2 c -3.3
IPE600 ≥ 1.2 ≥ 1.2 c -1.6
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Figure 9.4: NRd results: comparison with buckling curve c.
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Figure 9.5: NRd results: comparison with buckling curve d.
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Figure 9.6: Earlier NRd results: comparison with different buckling
curves for σres ECCS.
assumed residual stress pattern. Since the residual stress measurements
were still underway at that time, the residual stress pattern proposed by
the ECCS was used for the flanges (Fig. 3.7). No residual stresses were
present in the web. The results of these calculations are given in Fig. 9.6.
By comparing the results obtained in this paper with the results shown
here, the effect of the modified residual stress pattern on the failure load
can be examined. It can be seen that the modification of the residual stress
pattern by the production process results in a decrease of the buckling
resistance NRd of approximately one buckling curve.
9.3 Bending: results and discussion
Similarly as in Section 9.2, a deviation factor ∆M is defined to compare
the numerical results Mabq with the analytical results from the different
design approaches Man (Eq. 9.3.1).
∆M =
(Mabq
Man
− 1
)
.100% (9.3.1)
Again, the cross-sectional properties were calculated using the wire
model described in Section 4.1.1 and the used material properties are
equal to these used in the numerical model.
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9.3.1 Critical bending moment Mcr
All considered members failed in a lateral-torsional buckling mode, no
local buckling modes were observed. Qualitatively, the LTB behaviour of
castellated and cellular members is similar to that of plain-webbed beams.
In a first study, a comparison was made with Mcr,2T and Mcr,0, calcu-
lated respectively using the 2T cross-sectional properties at the tee section
(cf. Appendix H) and the gross cross-sectional properties of a section
without web openings (cf. Section 4.1.1). The deviation ∆Mcr between the
numerical results and the analytical results is depicted in Fig. 9.7 for Mcr,2T
and in Fig. I.2 for Mcr,0 (Appendix I). For the LTB failure, the numerical
results agree much better with Mcr,2T than Mcr,0, the latter being more
unsafe. The main influencing factor here is the torsional stiffness which
will better agree with the It,2T than It,0.
Again, the influence of web distortion is noticeable for the shorter
geometries, making the examined design rules unsafe (Fig. 9.8). However,
just as for the critical flexural buckling load Ncr, it is expected that these
effects will become irrelevant once the plasticity of the steel is taken into
account.
For the longer lengths, the values of ∆Mcr are widely dispersed. For
these longer members, the critical buckling moment expression will be
governed by the torsional constant It (cf. Eq. 4.2.5), which will be under-
estimated with It,2T and overestimated with It,0 . In a second study, an
average torsional constant It,avg was determined using a weighted average
approach for a member with equivalent rectangular openings with height
a and length `o,avg (Fig. 9.9), according to Eq. 9.3.2. The equivalent length
`o,avg of the rectangular openings was determined using a factor βcell
or βcast, respectively for cellular and castellated beams (Eqs. 9.3.3-9.3.4).
A different definition of β is proposed for both geometries, to take into
account the more variable hexagonal opening shape of the castellated
members due to the varying opening angle α.
It,avg =
n`o,avg
L
.It,2T +
(
1− n`o,avg
L
)
.It,0 (9.3.2)
`o,avg,cell = βcell`o = βcella (9.3.3)
`o,avg,cast = w + 2cβcast (9.3.4)
By studying the deviation factor ∆Mcr , the factors βcell or βcast which
agreed best with the numerical results could be obtained. The results of
this study are listed in Appendix I, Tables I.7 and I.8. Based on ∆Mcr , it is
proposed to use the factors βcell and βcast from Table 9.6. At first glance,
these factors seem to differ much, which is caused by their different
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Figure 9.7: Deviation of Mcr,2T .
Figure 9.8: Observed web distortion during LTB.
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Figure 9.9: Weighted average approach.
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Table 9.6: Selected factors for the equivalent opening length `o,avg which
will be used in Mcr,2T,avg.
cellular castellated
beam beam
βcell βcast
0.9 0.75
definition. They can however be compared by determining the equivalent
opening length `o,avg,cast for a castellated member with regular hexagonal
openings (α=60°, c=w/2 and `o=2w), for which `o,avg,cast = 1.75w =
0.875`o ≈ 0.9`o = βcell`o.
The deviation plots corresponding with the thus obtained average
torsional constant It,avg and critical moment Mcr,2T,avg are depicted in
Fig. 9.10 . Here, it can be seen that the deviations for the larger lengths
are much smaller. For the shorter lengths, the influence of using It,avg is
limited, due to the smaller influence of the torsional constant for these
lengths in the critical moment expression. These average values of the
torsional constant will be further used in the study of the LTB resistance
in Section 9.3.2.
9.3.2 LTB resistance MRd
The obtained resistances in the GMNIA analysis will be compared with
the resistances MRd,2T,avg obtained using a weighted average expression
for the torsional constant and a 2T approach for all other cross-sectional
properties. For each considered geometry, the dimensionless slenderness
λ¯LT is calculated analytically according to Eq. 9.3.5, using the plastic
section modulus calculated at the tee section Wpl,2T . Additionally, the
reduction factor χabq obtained using the numerical resistance MRd,abq is
calculated using Eq. 9.3.6.
λ¯LT =
√
fyWpl,2T
Mcr,2T,avg
(9.3.5)
χabq =
MRd,abq
fyWpl,2T
(9.3.6)
The values of λ¯LT and χLT,abq will be compared with two existing
lateral-torsional buckling curve expressions. First, a comparison will be
made with the existing lateral-torsional buckling curves in EC3, following
the general method outlined in Section 4.3.2.1. Secondly, a comparison
will be made with the analytical results obtained using the new consistent
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Figure 9.10: Deviation of Mcr,2T,avg.
162
CHAPTER 9. GLOBAL BUCKLING: PARAMETRIC STUDY
LTB expressions proposed by Taras for EC3 (Section 4.3.2.2). No compar-
ison will be made with the specific method from the current EC3, because
this approach is still the subject of discussion as it sometimes gives unsafe
results (cf. Section 4.3.2.1).
For most of the longer geometries, a definite maximum bending
moment was not obtained because the moment deflection diagram kept
increasing (past the critical moment Mcr). This is due to the stabilising
influence of the pre-buckling downward deflections (cf. Section 4.2.2).
Since no value of MRd,abq could be determined, these results were not
taken into account.
9.3.2.1 Comparison with current EC3 buckling curves
In Fig. 9.11, the values of λ¯LT and χLT,abq are compared with the existing
buckling curves according to the general method of EC3 (according to
Section 4.3.2). The deviations ∆MRd,EC3 from each buckling curve for each
section separately are given in Appendix I, Tables I.9 and I.10, as well as
Figs. I.3-I.6.
The results for the cellular and castellated beams were again very
similar. It is remarkable that the HE320A and HE320M geometries give
results that are on opposite ends of the buckling curve spectrum: the
obtained reduction factors χabq are the highest for the HE320M sections,
while they are the lowest for the HE320A sections. Nevertheless, accord-
ing to the current existing selection limit for the LTB buckling curve, the
same higher buckling curve should be used for both sections (H/b ≤ 2.0).
Similarly as for the NRd results, the shape of the obtained results does not
match the steeper buckling curve shape (Fig. 9.11). This buckling curve
shape deviation is not typical for cellular or castellated beams, as it could
also be observed for the numerical results obtained in (Rebelo et al., 2009).
An overview of the optimum buckling curve for each group of geome-
tries corresponding with a certain parent section is given in Table 9.7. The
best fitting buckling curve was chosen such that the value of ∑(χabq − χ)²
was as low as possible, taking into account that the minimum deviation
∆MRd ,min should not be smaller than -5%. For the HE320A sections, curve d
should give the best results, while curve a is best suited for HE320M
geometries. For all other geometries, LTB curve c would be best suited.
However, the fit is not perfect and seemingly contradictory results were
obtained for the HE320M and HE320A geometries (H/b ≥ 2.0). In the
next section, it will be examined whether the formulation proposed by
Taras gives better results.
A comparison can be made with the different LTB curve selection
proposals from literature (cf. Section 2.5.1.2), summarized in Table 9.8. All
proposals used the general method from Section 6.3.2.2 and the 2T method
for the calculation of cross-sectional properties. First of all, the selection
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Figure 9.11: MRd results: comparison with LTB curves according to
general method of EC3.
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Table 9.7: Best fit EC3 buckling curve for ∆MRd .
parent h/b H/b buckling ∆MRd ,EC3,min
section [-] [-] curve [%]
HE320A ≤ 1.2 ≤ 2.0 c* -6.0
d 3.1
HE320M ≤ 1.2 ≤ 2.0 a -2.4
IPE300 ≥ 1.2 ≥ 2.0 c -3.2
HE650A ≥ 1.2 ≥ 2.0 c -3.8
HE650M ≥ 1.2 ≥ 2.0 b* -7.8
c -0.6
IPE600 ≥ 1.2 ≥ 2.0 c -3.8
*: best fit, but too unsafe
Table 9.8: Buckling curve selection proposals for LTB of cellular
members from literature.
EC3 buckling curve choice
H/b H/b
reference ≤ 2.0 ≥ 2.0
(Maquoi et al., 2003) a b
(Lakusic et al., 2008) b c
(Nseir et al., 2012) c c
on the basis of H/b seems incorrect, as conflicting results were obtained
for the HE320A and HE320M sections. The selection proposed in (Maquoi
et al., 2003) seems highly unsafe for all geometries except the HE320M
geometries with its exceptionally high values of χabq. The buckling curves
proposed in (Lakusic et al., 2008) and (Nseir et al., 2012) seem accurate for
H/b ≥ 2.0. However, for the HE320M (H/b ≤ 2.0) sections they seem too
conservative, while for the HE320A sections (H/b ≤ 2.0) they are unsafe.
As already mentioned above for the NRd calculations, similar numer-
ical simulations were also done for cellular member geometries with the
ECCS residual stress pattern in the flanges (Sonck et al., 2012). The com-
parison of the thus obtained results with the different buckling curves is
depicted in Fig. 9.12. Again, the detrimental influence of the modification
of the residual stress pattern is visible, and the difference seems to be
approximately one buckling curve.
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Figure 9.12: Earlier MRd results: comparison with different buckling
curves for σres ECCS.
9.3.2.2 Comparison with proposed new formulation for EC3 buckling
curves
In this section, the obtained results and the buckling curves proposed
by Taras (cf. Section 4.3.2.2) are compared. Since the buckling curve
shape is now also dependent on the values of Wy, Wz and λ¯z , the results
for a group of geometries can no longer be drawn together with the
buckling curves. Consequently, the results are directly compared with
the analytical results for the buckling curves for hot-rolled and welded
sections (Figs. 9.13-9.14). The selection for the hot-rolled curve is based on
the depth to width ratio h/b of the parent section, since this determines
the present residual stress magnitude.
In Figs. 9.13 and 9.14 it can be seen that the maximum deviations
∆MRd,Taras with the extreme buckling curves are now smaller than the
deviations obtained using the EC3 LTB curve formulation, and that
they also lie more closely together for the different parent sections. In
Tables I.11 and I.12 (Appendix I), the properties of the obtained deviation
values are listed. Based on these properties, a buckling curve proposal for
each parent section geometry group is given in Table 9.9, together with the
value of ∆MRd ,min. Similar as for the EC3 buckling curves in the previous
section, this proposal is based on ∑(χabq − χ)² and ∆MRd ,min ≥ −5%. For
the IPE300, IPE600, HE650A and HE650M, the obtained results match
these for the welded buckling curve formulation well. However, for the
HE320M geometries, the hot-rolled buckling curve formulation would be
better suited. Lastly, the results obtained for the HE320A section, using the
166
CHAPTER 9. GLOBAL BUCKLING: PARAMETRIC STUDY
Table 9.9: Best fit for new buckling curve formulation.
parent h/b H/b buckling ∆MRd ,min
section [-] [-] curve [%]
HE320A ≤ 1.2 ≤ 2.0 welded -7.9
HE320M ≤ 1.2 ≤ 2.0 hot-rolled 1.4
IPE300 ≥ 1.2 ≥ 2.0 welded 2.6
HE650A ≥ 1.2 ≥ 2.0 welded 1.4
HE650M ≥ 1.2 ≥ 2.0 (hot-rolled) (-8.5)
welded 4.8
IPE600 ≥ 1.2 ≥ 2.0 welded 2.4
curve for the welded sections, are still unsafe. Here, a larger imperfection
factor would be useful to make the LTB curve safer.
Originally, Taras intended the buckling curve selection to only depend
on the present residual stress pattern in the beam. From the results, it can
be seen that this goal was not completely met for the studied castellated
and cellular member geometries, since a clear division between the results
for the HE320A and HE320M and the other geometries was not visible.
This could possibly be due to the deviating dimensions and cross-sectional
properties of the cellular and castellated beam geometries compared to
the hot-rolled geometries for which the rule was derived. Possibly, the
disagreement could also be caused by the deviating residual stress pattern
or finite element model2. However, more likely is that these deviations
are already present for hot-rolled members, due to the very high torsional
stiffness of the HE320M section, caused by the very thick flanges and
web3.
2Taras used shell elements, combined with beam elements at the web to flange intersec-
tions to simulate the effect of the fillet. Additionally, a combination of a torsional and lateral
imperfection was applied.
3This was confirmed by a limited numerical study in which MRd,abq of a number of
HE320A and HE320M beams with varying slenderness was determined, using the residual
stress pattern proposed by the ECCS (Fig. 3.7). The curves proposed by Taras fitted the results
for the HE320A geometries well, and were overconservative for the HE320M geometries.
The same trend is visible in the results for the castellated and cellular geometries, and is
probably enhanced by the more detrimental residual stress pattern.
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Figure 9.13: MRd results: comparison with new buckling curve formu-
lation (hot-rolled sections).
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Figure 9.14: MRd results: comparison with new buckling curve formu-
lation (welded sections).
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9.4 Summary and conclusions
In this chapter, the parametric study and the comparison of its results
with different design proposals were described.
• A large parametric study was executed, based on a wide range of
possible doubly symmetric cellular and castellated geometries that
could be made starting from six different parent sections.
• Each geometry was once loaded in strong-axis bending and once in
compression. Two analysis types were executed for each geometry,
to determine the critical buckling load (LBA) or moment and the
buckling resistance (GMNIA). Thus, the effect of the geometry and
the residual stresses on the failure behaviour could be studied.
• The results of the LBA calculations demonstrated that, for certain
short length geometries, web distortion could influence the results,
reducing the effective stiffness and corresponding critical load.
However, this effect will become irrelevant once the effect of steel
plasticity is taken into account, as the failure of these shorter
members will be governed by plastic yielding instead of elastic
buckling.
• As the buckling behaviour was observed to be qualitatively similar
to the buckling behaviour of plain-webbed columns and beams, the
examined analytical expressions for the critical load and buckling
resistance were based on these for plain-webbed members, but with
different cross-sectional properties.
• For the compressed columns, the weak-axis critical buckling load
agreed well with the analytical expressions. A comparison was
made between the approaches where the gross bending stiffness
(at the web post) and net bending stiffness (at the tee section) were
used. Since the weak-axis bending stiffness varied little between
the gross and the net cross-section, a good agreement was found
for both approaches. However, for reasons of consistency with the
other found design approaches, it was decided to use the net section
properties (also referred to as the 2T approach).
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• The buckling resistance of the compressed columns can be calcu-
lated using the 2T approach for all cross-sectional properties. For
the sections with higher residual stresses (h/b<1.2), buckling curve
d gave the best fit, while buckling curve c is advised for cross-
sections with h/b>1.2. The used height h is the height of the parent
section, since this determines the residual stress magnitude, which
influences the buckling curve choice directly. A comparison with an
earlier proposed design rule proved this rule to be unsafe.
• The critical lateral-torsional buckling moment was found to give
the best agreement with a 2T approach, combined with a weighted
average approach for the torsional constant.
• The lateral-torsional buckling resistance was studied as well, using
the 2T approach for all cross-sectional properties except for the
torsional constant, for which the weighted average value was
used. It was found that the current determination of LTB curves in
EC3, based on h/b, did not give satisfactory results. Additionally,
the results were compared with the buckling curves proposed by
Taras. Here, the dispersion of results was smaller, but the best-
fit buckling curves did not agree completely with the original
intention of the new rules, as there was no direct correlation between
the imperfection factor and the residual stress magnitudes for all
considered sections.
• In the next chapter, the buckling curve choice for the cellular and
castellated beams and columns will be further examined. For each
parent section group, an appropriate buckling curve or imperfection
factor will be determined, both using the EC3 approach (for FB and
LTB) as the proposal made by Taras (for LTB).
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Chapter10
Towards design rules
In this chapter the results for the buckling resistance, obtained in Chapter 9, will
be further analysed. Apart from the previously considered buckling curves, the
fit of other buckling curves, obtained using a modified imperfection factor, will be
studied. Additionally, the applicability of the considered buckling curves will be
checked for each load case and parent section separately. This way, conclusions
can be drawn regarding the suitability of the current buckling curve expressions.
First, the used approach for the modification of the buckling curves and the
reliability-based comparison will be clarified. Next, the results will be given for
the bending and compression case separately. For each load case, a preliminary
proposal for suitable buckling curves will be made.
10.1 Methodology
For each parent section member, the fit and suitability of different buckling
curves to model the weak-axis flexural and lateral-torsional buckling
behaviour was examined. Apart from the buckling curves given in EC3,
additional buckling curves were obtained by varying the imperfection
factor. The model uncertainty of each of these buckling curves was
examined, and the most suitable buckling curves were selected based on
a comparison of these model uncertainties.
10.1.1 Modification of buckling curves
For each member, different modified buckling curves were considered by
changing the assumed imperfection factor, as described below.
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Table 10.1: Considered values of the imperfection factor α for EC3
buckling curves.
Considered values for α
0.2 0.3 0.4 0.45 0.5 0.55 0.6
0.65 0.7 0.75 0.8 0.85 0.95 1.05
The current EC3 buckling curves are valid for both FB and LTB, so
these curves can be modified in an identical way. This will be shown first.
Secondly, it is clarified how the new LTB curves proposed by Taras can be
modified.
10.1.1.1 Modification of current EC3 buckling curve imperfection
The current EC3 buckling curve formulation, valid for LTB and FB, is
given in Sections 4.3.1.1 and 4.3.2.1.
As can be seen in the expression for the buckling reduction factor
(Eqs. 4.3.3-4.3.4 and 4.3.9-4.3.10), each buckling curve corresponds with a
different value of the imperfection factor α, representing the influence of
geometric imperfections and residual stresses (cf. Tables 4.1 and 4.3). The
higher this imperfection factor, the lower the corresponding resistance.
Usually, α varies between 0.21 and 0.76, respectively for buckling curves a
en d. In this chapter however, a larger range of values for the imperfection
factor will be considered, so that a good fit could be obtained for each
considered geometry (Table 10.1).
10.1.1.2 Modification of proposed EC3 LTB curve imperfection
The proposal made by Taras for the new EC3 LTB buckling curves is
given in Section 4.3.2.2. Again, the reduction factors are dependent on an
imperfection factor αLT (Eqs. 4.3.15-4.3.16). The proposed values of the
imperfection factor are given in Table 4.6, in the format αLT = α′ ·
√
Wel,y
Wel,z
.
In this table, α′ varies between and 0.12 and 0.21, directly corresponding
with the residual stress pattern present in the sections. In this chapter, the
values of α′ given in Table 10.2 will be considered. As upper boundary
for αLT , it is proposed to use the original boundary αLT ≤ 0.64 for welded
members.
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Table 10.2: Considered values of imperfection factor α′ for new LTB
curves proposed by Taras.
Considered values for α′
0.12 0.14 0.16 0.18 0.2 0.21 0.23 0.25 0.27 0.29 0.33
10.1.2 Determination of the model uncertainty of the pro-
posed buckling curve.
In the finite element model, ’model’ columns or beams were used (cf.
Chapter 8), for which it is assumed that the variability of material prop-
erties, geometry, imperfections, applied loads and residual stresses is
already included in a deterministic manner in the formulation of these
’model members’ (cf. Section 4.3.1.2). Thus, the model uncertainty
regarding the material uncertainty, geometry, imperfections, and applied
loads is assumed to be covered by using these ’model members’.
However, the validity of the buckling curves is also determined by
the uncertainties of the used resistance model, and how well this model
formulation agrees with the numerical results. While this was already
partially studied in the previous chapter, the dispersion of the obtained
results was not yet taken aptly into account. This can however be studied
by determining a partial factor γRd, in a method similar as the one used
in (Rebelo et al., 2009) and (Spoorenberg and Snijder, 2013), following
the approach of annex D of Eurocode 0 (NBN, 2002). This partial factor
γRd can be determined following the expressions given in Appendix J.1.
However, a suitable target value of γRd needs to be determined for the
selection of the appropriate buckling curves for each parent section group
and load case.
In (Rebelo et al., 2009) and (Simões da Silva et al., 2009), the LTB
resistance according to the different EC3 design approaches was evaluated
statistically in a double article. In the first article of the set, the model un-
certainty (represented by the partial factor γRd) was determined (Rebelo
et al., 2009). In the second article, the material uncertainty (represented
by γm1) was calculated, after which the global resistance safety factor
γM = γRd · γm could be obtained (Simões da Silva et al., 2009). In these
articles, a model uncertainty factor γRd of 1.04 was obtained for the LTB
curves following the general method from EC3 (cf. Section 4.3.2.1). Based
on this, a target value of γRd = 1.04 is proposed, so that the buckling
curves for castellated and cellular members have an identical model
uncertainty as the existing LTB general method approach in EC3. For all
considered geometries, the values of γRd corresponding with a certain
1Note that his material uncertainty differs from the classical partial factors commonly
obtained through a first order reliability method approach.
177
CHAPTER 10. TOWARDS DESIGN RULES
buckling curve formulation will be determined. Since the results obtained
for cellular and castellated members were very similar, these values
will now be grouped together for the proposal of preliminary design
guidelines in this chapter.
In Chapter 9, the large dispersion of the deviation values ∆MRd and
∆NRd could be noticed, due to the non-conformity of the obtained results
with the shape of the existing buckling curves (e.g. Figs. 9.3 and 9.11).
Because of this, a large scatter will exist (on the safe side) if the buckling
curve is based on the most unsafe resistance values. This could also
be observed in the results obtained in the numerical study in (Rebelo
et al., 2009). In the latter work, it was proposed to determine the value
of γRd based on the lower tail results corresponding with lower values
of Ri = χabq/χdesignmodel , with χdesignmodel the reduction factor obtained
for the considered design model. It was proposed to only include values
which corresponded with Ri < Rm − σR (cf. Section J.1), on the condition
that at least 20 results are considered. If this is not the case, the results
corresponding with the 20 lowest Ri values are considered. This approach
avoids the large penalty on the values of γRd caused by the safe sided
scatter of the numerical results. In addition to the calculation considering
the whole population of results, the model uncertainty factor γRd will
also be calculated considering only these lower tail values.
Another option to avoid this large scatter of safe deviations would
be to modify the buckling curve expression to obtain a better fit with
the obtained shape of the results, e.g. by introducing a value of the
imperfection factor α which is dependent on the slenderness. While this
could be done in future work, it will not be considered in this work.
10.2 Weak-axis flexural buckling
10.2.1 Determination of γRd
In Chapter 9, the best fit buckling curve was obtained, choosing the
curve corresponding with the minimum value of the sum of the squares
∑ R² = ∑(χabq − χ)² and a minimum value of ∆NRd ,min of -5%. Now,
this study will be extended by considering the obtained values of γRd,
according to the probabilistic approach of EC0.
Entire population The results for each buckling curve and each parent
section, considering the entire population of results, are given in Table J.1
in Appendix J.2. In Table 10.3, a selection of these results is listed,
including the values of the number of considered geometries n, the sample
mean of the correction factors (mean of Ri, i.e. Rm), the sample standard
deviation of Ri (i.e. σR), the sample standard deviation of ∆i (i.e. σ∆) and
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Table 10.3: EC3 buckling curves for NRd: γRd determination (entire
population). The previously selected buckling curves are shown in bold,
while the satisfactory values of γRd are underlined.
parent buckling ∆NRd,EC3 ,min ∆NRd,EC3 ,max n Rm σR σ∆ γRd
section curve [%] [%] [-] [-] [-] [-] [-]
HE320A d -0.2 13.0 156 1.09 0.044 0.041 1.04
HE320M d 0.1 13.1 103 1.09 0.042 0.039 1.03
IPE300 c -2.7 8.7 174 1.04 0.038 0.036 1.07
d 8.5 23.5 174 1.17 0.039 0.034 0.95
HE650A c -3.3 8.7 174 1.05 0.040 0.039 1.07
d 7.9 23.2 174 1.18 0.040 0.035 0.94
HE650M c -3.3 8.6 173 1.05 0.039 0.037 1.06
d 8.5 23.1 173 1.18 0.038 0.033 0.94
IPE600 c -1.6 8.2 175 1.05 0.026 0.025 1.03
the model uncertainty partial factor (i.e. γRd), obtained for each of the
best-fit buckling curves from Chapter 9 (shown in bold). The value of γRd
is determined by the values of Rm and σ∆, the partial factor γRd increasing
with lower (less safe) values of Rm and higher values of the scatter of
results ( represented by σ∆).
For parent sections IPE300, HE650A and HE650M, a value of γRd >
1.04 was obtained, making the previously selected buckling curve c unsafe
for these geometries. Consequently, the results for buckling curve d,
for which γRd ≤ 1.04, were added to Table 10.3. However, looking at
the minimum and maximum obtained values of the deviations ∆NRd,EC3 ,
buckling curve c seems a better fit. It seems that the high value of γRd is
mostly caused by the large deviations for the larger slendernesses which
are always safesided due to the nonconformity of the buckling curve
shape. This seems illogical. More logical results can be obtained by only
considering the lower tail of the distribution (with the most unsafe values),
disregarding the large scatter on the safe side.
Lower tail The results for the lower tail of the distribution of errors Ri,
corresponding with Ri < Rm − σR are listed in Table 10.4, for the same
values considered in Table 10.3 (more results can be found in Table J.4).
Here, it can be seen that more logical results are obtained, and that all
results now match the buckling curves initially proposed, except for
HE650A geometries, where γRd is slightly too large. For this parent
section, a modified value of the imperfection factor α could be useful.
Modified imperfection factor α For each of the parent section geome-
tries, the calculations above were repeated for the values of the imperfec-
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Table 10.4: EC3 buckling curves for NRd: γRd determination (lower tail).
The previously selected buckling curves are shown in bold, while the
satisfactory values of γRd are underlined.
parent buckling ∆NRd,EC3,min ∆NRd,EC3,max n Rm σ∆ γRd
section curve [%] [%] [-] [-] [-] [-]
HE320A d -0.2 4.2 39 1.02 0.014 1.02
HE320M d 0.1 4.5 22 1.02 0.014 1.02
IPE300 c -2.7 0.2 44 0.99 0.007 1.04
d 8.5 13.0 34 1.11 0.010 0.93
HE650A c -3.3 1.0 34 0.98 0.009 1.05
d 7.9 13.7 33 1.10 0.013 0.94
HE650M c -3.3 -0.1 32 0.98 0.008 1.04
d 8.5 14.3 31 1.11 0.011 0.93
IPE600 c -1.6 2.5 39 1.01 0.011 1.02
Table 10.5: EC3 buckling curve for NRd and HE650A with modified
α: γRd determination (lower tail). The satisfactory values of γRd are
underlined.
parent ∆NRd,EC3,min ∆NRd,EC3,max n Rm σ∆ γRd
section α [%] [%] [-] [-] [-] [-]
HE650A 0.5 -2.9 1.6 34 0.98 0.010 1.05
0.55 -0.8 2.9 33 1.01 0.009 1.02
0.6 1.3 5.5 33 1.03 0.009 1.00
tion factors α values proposed in Table 10.1. The results based on the entire
population are given in Tables J.2-J.3 and Figures J.1-J.2, while the results
based on the lower tail are given in Tables J.5-J.6 (both in Appendix J). In
Table 10.5, a selection of the results for the HE650A geometries is given
for the lower tail approach. It can be seen that α = 0.55 would be most
suited for HE650A.
10.2.2 Preliminary proposal: buckling curves for FB
Based on the results of the numerical simulations and the results obtained
above, a preliminary proposal for the weak-axis FB curve selection is
given in Table 10.6. The residual stress pattern in the parent section is
clearly reflected in the buckling curve choice based on the height-to-width
ratio of the parent section h/b.
While this selection was shown to be slightly unsafe for the HE650A
sections, it is believed that it is still acceptable and avoids the unnecessary
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Table 10.6: Preliminary buckling curve proposal for FB.
cross-section buckling
S235
type axis
rolled
h/b > 1.2
z c
t f ≤ 40 mm
h/b ≤ 1.2
z d
t f ≤ 100 mm
introduction of additional imperfection factors.
It should be emphasized that the proposed buckling curves are only
correct if the assumptions with regard to the imperfections and material
properties of the model column are valid. Consequently, it would be
useful to do residual stress measurements for heavier castellated and
cellular geometries in future work, and use these results in a probabilistic
numerical study about the buckling resistance (e.g. using Monte-Carlo
simulations).
10.3 Lateral-torsional buckling
In this part, the buckling curves for LTB will be further examined, follow-
ing a similar reasoning as the one used for FB in the previous section.
10.3.1 Determination of γRd for EC3 LTB curves
Entire population The results of the γRd calculation for the best fit
buckling curves selected in Section 9.3 are listed in Table 10.7 (the complete
results can be found in Table J.7). As can be seen, none of the curves
selected in Chapter 9 correspond with satisfactory values of γRd. Thus, the
buckling curves with satisfactory γRd are added as well (with underlined
values of γRd). For the HE320A sections, none of the existing buckling
curves gives satisfactory results.
Again, the high values of the model uncertainty are due to the high
values of σ∆, caused by the high values of ∆MRd,EC3 for the higher values of
the slenderness. Since the scatter is due to safe deviations of ∆MRd,EC3 , the
γRd calculation will be repeated using only the lower tail of the results.
Lower Tail Using the method described earlier, the γRd calculation is
now repeated for the lower tail of the Ri distribution. The results of this
calculation for the previously considered buckling curves are listed in
Table 10.8 (cf. Table J.14 for complete results).
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Table 10.7: EC3 buckling curves for MRd: γRd determination (entire
population). The previously selected buckling curves are shown in bold,
while the satisfactory values of γRd are underlined.
parent buckling ∆MRd,EC3,min ∆MRd,EC3,max n Rm σR σ∆ γRd
section curve [%] [%] [-] [-] [-] [-] [-]
HE320A d 3.1 30.4 95 1.16 0.094 0.081 1.11
HE320M a -2.4 5.2 45 1.00 0.018 0.018 1.05
b 4.2 16.9 45 1.10 0.042 0.038 1.03
IPE300 c -3.2 18.8 139 1.08 0.063 0.059 1.11
d 7.8 31.7 139 1.21 0.071 0.060 0.99
HE650A c -3.8 17.1 138 1.08 0.067 0.063 1.13
d 6.7 31.6 138 1.22 0.073 0.062 1.00
HE650M c -0.6 24.2 131 1.13 0.080 0.072 1.10
d 11.1 40.2 131 1.28 0.092 0.074 0.98
IPE600 c -3.8 14.8 175 1.08 0.048 0.046 1.07
d 9.9 28.1 175 1.21 0.039 0.033 0.91
It can be seen that the model uncertainty of the existing buckling
curves is now low enough for all geometries. However, some minor
improvements could be made for the geometries with HE320A, IPE300,
HE650A and IPE600 geometries by varying the imperfection factor α. This
will be studied in the next part.
Modified imperfection factor α Similar as for the investigation of NRd,
the calculations were now repeated using the values of the imperfection
factor α given in Table 10.1. A complete overview of the obtained results is
given in Tables J.8-J.10 and Figures J.3-J.4 for the entire population, while
the complete results for the lower tail approach are given in Tables J.15-J.17
(all in Appendix J ).
In Table 10.9, a selection of the obtained results is given for the HE320A,
IPE300, HE650A and IPE600 geometries. It can be seen that the imper-
fection factor α = 0.55 (instead of 0.76 for buckling curve d) would give
satisfactory results for the IPE300, HE650A and IPE600 geometries, while
α = 0.6 would be suited for the HE320A geometries.
10.3.2 Determination of γRd for new LTB curves
Entire population If the new LTB curve formulation proposed by Taras
is used, the obtained results of the model uncertainty calculation for the
entire population are given in Table 10.10 (cf. Table J.11 for a complete
overview).
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Table 10.8: EC3 buckling curves for MRd: γRd determination (lower
tail). The previously selected buckling curves are shown in bold, while
the satisfactory values of γRd are underlined.
parent buckling ∆MRd,EC3,min ∆MRd,EC3,max n Rm σ∆ γRd
section curve [%] [%] [-] [-] [-] [-]
HE320A d 3.1 5.6 31 1.04 0.006 0.98
HE320M a -2.4 -0.4 20 0.99 0.007 1.03
IPE300 c -3.2 1.2 34 0.98 0.011 1.05
d 7.8 11.6 33 1.09 0.009 0.94
HE650A c -3.8 2.4 36 1.00 0.020 1.07
d 9.9 17.2 31 1.14 0.020 0.93
HE650M c -0.6 3.9 34 1.01 0.010 1.02
IPE600 c -3.8 -0.4 32 0.97 0.009 1.06
d 6.7 12.7 32 1.09 0.014 0.96
Table 10.9: EC3 buckling curve for MRd with modified α: γRd determi-
nation (lower tail). The satisfactory values of γRd are underlined.
parent ∆MRd,EC3,min ∆MRd,EC3,max n Rm σ∆ γRd
section α [%] [%] [-] [-] [-] [-]
HE320A 0.55 -4.0 -2.0 21 0.97 0.006 1.05
0.6 -2.2 0.0 27 0.99 0.007 1.03
0.65 -0.5 1.9 30 1.01 0.007 1.01
IPE300 0.5 -2.7 1.6 34 0.99 0.011 1.05
0.55 -0.6 4.5 34 1.01 0.011 1.02
0.6 1.5 5.2 33 1.03 0.009 1.00
HE650A 0.5 -3.4 0.0 32 0.98 0.009 1.05
0.55 -1.4 2.3 32 1.00 0.010 1.03
0.6 0.6 4.9 32 1.02 0.011 1.01
IPE600 0.5 -3.3 3.0 36 1.00 0.020 1.06
0.55 -0.6 6.1 36 1.03 0.020 1.03
0.6 1.9 8.9 34 1.06 0.020 1.01
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Table 10.10: New buckling curves for MRd: γRd determination (entire
population). The previously selected buckling curves are shown in bold,
while the satisfactory values of γRd are underlined.
parent buckling ∆MRd ,min ∆MRd ,max n Rm σR σ∆ γRd
section curve [%] [%] [-] [-] [-] [-] [-]
HE320A weld -7.9 6.4 95 0.98 0.046 0.047 1.18
HE320M hot-r 1.4 4.7 45 1.03 0.009 0.009 1.00
IPE300 weld 2.6 18.1 139 1.11 0.045 0.041 1.02
HE650A weld 1.4 18.0 138 1.11 0.046 0.042 1.03
HE650M weld 4.8 19.9 131 1.13 0.042 0.038 0.99
IPE600 weld 2.4 16.8 175 1.11 0.030 0.028 0.98
The better fit of the new proposed LTB curves can be noticed from the
lower values of σ∆. According to the new design proposal, the buckling
curve choice should depend only on the residual stresses present in the
section (Taras, 2010). Since the HE320A and HE320M geometries had
a similar residual stress pattern, similar results were expected for these
geometries. However, the discrepancy between the results obtained for
the HE320A and HE320M geometries, already present for the current EC3
formulation, remains (cf. Section 9.3.2.2).
Lower Tail Even for the new design method, the obtained values of
∆MRd,Taras are still rather safe sided (although less than for the current EC3
buckling curves). To avoid the penalty on γRd corresponding with these
safe-sided deviations, the calculations are repeated for the lower tail of
the population of errors.
A selection of the obtained results is listed in Table 10.11 (cf. Table J.18
for a complete overview). It can be seen that this does not have a major
effect on the buckling curve selection. For the HE320A sections, the
buckling curve proposed for welded sections is still too unsafe. For
all other sections, a satisfactory buckling curve selection can be made,
although the selection is still relatively conservative. To investigate
whether a better fit is possible, the calculations are now repeated for
different values of α′, as explained in Section 10.1.1.
Modified imperfection factor α′ For all geometries, the calculation of
γRd was repeated for the different values of α′ given in Table 10.2. A
complete overview of the results can be found in Appendix J, Tables J.19
and J.20.
In Table 10.12, the results are given for the lower tail approach. It can be
seen once again that the results for the HE320A and HE320M geometries
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Table 10.11: New buckling curves for MRd: γRd determination (lower
tail). The previously selected buckling curves are shown in bold, while
the satisfactory values of γRd are underlined.
parent buckling ∆MRd ,min ∆MRd ,max n Rm σ∆ γRd
section curve [%] [%] [-] [-] [-] [-]
HE320A weld -7.9 -6.0 20 0.93 0.006 1.09
HE320M hot-r 1.4 2.4 20 1.02 0.003 0.99
IPE300 weld 2.6 5.7 33 1.04 0.008 0.99
HE650A weld 1.4 5.9 32 1.03 0.011 1.00
HE650M weld 4.8 8.7 34 1.06 0.009 0.97
IPE600 weld 2.4 8.0 25 1.05 0.017 1.00
do not match, even while they have the same assumed residual stress
pattern. At the moment, the reason for this is still unclear.
10.3.3 Preliminary proposal: buckling curves for LTB
10.3.3.1 Current EC3 buckling curve formulation
Based on the obtained results in Section 10.3.1, a preliminary recom-
mendation can be made for the buckling curve choice if the current EC3
buckling curve formulation is used. For each of the studied geometries,
the buckling curves listed in Table 10.13 give satisfactory results. However,
for the geometries HE320A, IPE300, HE650A and IPE600, a modified
imperfection factor with value αopt gives better results.
From the obtained results, it is clear that a selection based on whether
the value of H/b is smaller or larger than 2.0, such as the one used for the
current LTB curve selection, would not give very satisfactory results due
to the large difference in results for HE320A and HE320M geometries (for
both geometries H/b ≤ 2.0). Since a distinction based on H/b would be
irrational, it is proposed to calculate all LTB curves with α = 0.6, based on
the obtained results for HE320A. Possibly, less conservative curves could
be obtained if γRd would be calculated for the entire population of results
as one group.
10.3.3.2 New EC3 buckling curve formulation
A recommendation for the imperfection factor α′ is made in Table 10.14 for
each of the considered geometries, based on the results obtained above.
Since the initial goal to propose a value of α′ that is only dependent on
the residual stress pattern is not met, a preliminary recommendation is
formulated based on the h/b factor (which determines the σres pattern) in
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Table 10.12: New buckling curve for MRd with modified α′: γRd deter-
mination (lower tail). The satisfactory values of γRd are underlined.
parent ∆MRd ,min ∆MRd ,max n Rm σ∆ γRd
section α′ [%] [%] [-] [-] [-] [-]
HE320A 0.23 -5.6 -4.2 20 0.95 0.004 1.06
0.25 -3.7 -2.5 20 0.97 0.004 1.04
0.27 -2.4 -1.0 20 0.98 0.004 1.03
HE320M 0.12 -3.9 -2.9 20 0.97 0.003 1.04
0.14 -1.2 -0.2 20 0.99 0.003 1.01
0.16 1.4 2.4 20 1.02 0.003 0.99
IPE300 0.14 -5.7 -1.8 34 0.96 0.009 1.07
0.16 -2.8 0.5 34 0.99 0.009 1.04
0.18 0.0 4.0 34 1.02 0.010 1.01
HE650A 0.16 -3.5 1.1 32 0.98 0.012 1.05
0.18 -1.0 3.3 31 1.01 0.013 1.03
0.20 1.4 5.9 32 1.03 0.011 1.00
HE650M 0.12 -5.6 -2.8 32 0.96 0.007 1.06
0.14 -2.7 0.8 34 0.99 0.008 1.04
0.16 0.2 3.6 34 1.02 0.008 1.01
IPE600 0.14 -2.7 3.1 33 1.01 0.021 1.06
0.16 1.1 6.9 25 1.04 0.019 1.02
0.18 2.4 8.0 25 1.05 0.017 1.00
Table 10.13: Preliminary LTB curve proposal for each parent section,
using existing curves.
parent H/b buckling
section curve α αopt
HE320A ≤ 2.0 d 0.76 0.6
HE320M ≤ 2.0 a 0.21 -
IPE300 ≥ 2.0 d 0.76 0.55
HE650A ≥ 2.0 d 0.76 0.55
HE650M ≥ 2.0 c 0.49 -
IPE600 ≥ 2.0 d 0.76 0.55
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Table 10.14: Preliminary LTB curve proposal for each parent section
group, using the new LTB curves.
parent
section h/b α’
HE320A ≤ 1.2 0.25
HE320M ≤ 1.2 0.12
IPE300 > 1.2 0.16
HE650A > 1.2 0.18
HE650M > 1.2 0.14
IPE600 > 1.2 0.16
Table 10.15: Preliminary LTB curve proposal, using the new LTB curves.
h/b α’ αLT
≤ 1.2 0.25 0.25
√
Wel,y
Wel,z
≤ 0.64
> 1.2 0.18 0.18
√
Wel,y
Wel,z
≤ 0.64
Table 10.15, considering the most detrimental results for each group. How-
ever, further research would be useful to clarify the large discrepancies
between the HE320A and HE320M sections.
As already mentioned above, less conservative values of α’ could
be found by determining γRd for the complete population of considered
geometries instead of only those originating from one parent section.
Furthermore, as already mentioned in Section 10.2.2, the proposed LTB
curves are only correct if the assumptions with regard to the imperfections
and material properties of the model beam are valid. In future research,
additional residual stress measurements on castellated and cellular mem-
bers would be useful to use in a wider probabilistic study to determine
the definitive buckling curves.
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10.4 Summary and conclusions
In this chapter, the applicability of the different design models to calculate
the global buckling resistance of cellular and castellated members was
examined. Based on the determination of the partial factor γRd related to
the model uncertainty, preliminary proposals were made for suitable
buckling curves for weak-axis flexural buckling and lateral-torsional
buckling.
• For each buckling curve formulation, γRd was determined. Due
to the penalty for the large safe-sided deviations for larger λ¯LT ,
high values of γRd were obtained if the entire population of results
was considered. Consequently, it was decided to base the buckling
curve choice on the lower tail of the error distribution of the results
(corresponding with the most unsafe values).
• For the weak-axis flexural buckling load of castellated and cellular
columns, it is proposed to use buckling curve c if h/b > 1.2 and
buckling curve d for h/b ≤ 1.2. The value of h/b is determined
for the parent section, as this value determines the residual stress
pattern, which affects the buckling resistance directly.
• According to the different design models for LTB, a similar buckling
curve should be used for the HE320A and HE320M geometries.
However, for both design approaches, the resistances obtained for
these geometries differ the most. This is probably caused by the
exceptionally high torsional stiffness of the HE320M members.
• If the current EC3 LTB curve expressions are used, it is proposed to
use the imperfection factor αLT = 0.6 for all geometries.
• For the new EC3 curve formulation proposed by Taras, a value
of αLT = 0.18 ·
√
Wel,y
Wel,z
≤ 0.64 is proposed for h/b > 1.2 and
αLT = 0.25 ·
√
Wel,y
Wel,z
≤ 0.64 is proposed for h/b ≤ 1.2. The effect
of the higher residual stresses for the geometries with h/b ≤ 1.2 is
reflected in the buckling curves, similar as for the weak-axis flexural
buckling.
188
CHAPTER 10. TOWARDS DESIGN RULES
• To conclude, it should be emphasized that the buckling curves
proposed above are preliminary, and only valid if the assumptions
regarding the properties of the ’model’ members in the numerical
simulations are valid. It would be useful to execute residual
stress measurements on heavier castellated and cellular members
to confirm the validity of the assumed residual stress pattern. The
thus obtained results could be used in a wider probabilistic study to
determine the definitive buckling curves.
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Chapter11
Conclusions and further
research
11.1 Conclusions
In this work the global buckling behaviour of cellular and castellated
beams and columns was examined. In this research, the following research
questions were answered.
1. How are the residual stresses modified by the fabrication process?
2a. What is the influence of the web openings on the critical global
buckling load and the global buckling resistance?
2b. What is the influence of the modified residual stresses on the global
buckling resistance?
As a result of this research, a first design method proposal was made
for the weak-axis flexural and lateral-torsional buckling of cellular and
castellated members, fitting in the EC3 approach. In the next parts of
this section, an overview of the research related to each of these research
questions will be given, including a short summary of the answer.
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11.1.1 Modification of residual stresses by fabrication pro-
cess
1. How are the residual stresses modified by the fabrication process?
• The compressive residual stresses in the flanges increase due to
the fabrication process, which will be detrimental for the global
buckling resistance.
• The effect of the fabrication procedure will be even larger for
cellular members made according to the investigated non-standard
production procedure, in which circular openings were cut around
the hexagonal openings of completed castellated members. As a
result, the author advises to avoid similar non-standard fabrication
procedures.
• A proposal was made for the residual stress pattern of cellular and
castellated members.
The influence of the fabrication procedure was investigated by measur-
ing the residual stresses in a number of castellated and cellular member
specimens and their IPE160 parent sections (cf. Chapter 6). The castellated
members were made according to the standard fabrication procedure, but
the cellular members were made in a non-standard manner by cutting
circular openings around the hexagonal openings of completed castellated
members. For the castellated members, a distinct increase of compressive
residual stresses due to the fabrication process could be perceived. For the
cellular members, made according to the non-standard fabrication pro-
cedure, the compressive stress increase in the flanges at the web openings
was even larger. This was caused by the additional heat input during the
cutting of the circular openings. Because this has very detrimental effects
for the global buckling resistance, it is advised to avoid such non-standard
fabrication procedures.
Using an analytical approximation for the residual stress pattern,
it was investigated whether the conclusions drawn for the considered
IPE160 specimens could also be valid for the more habitually used heav-
ier sections. It was found that the analytically obtained influence of
the thermal and mechanical effects during the production procedure
of the studied heavier members and the considered IPE160 specimens
agreed well. As a result, it is expected that the production process
will have a similar influence on the residual flange stresses of heavier
sections. Nevertheless, it would be useful to validate the analytical
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Figure 11.1: Proposed residual stress pattern for cellular and castellated
members. The h/b ratio is the depth-to-width ratio of the parent section.
approximation experimentally for the heavier sections in further research
(cf. Section 11.2).
Based on the residual stress measurements, a proposal was made
for the residual stress pattern of cellular and castellated members. This
proposal, depicted in Fig. 11.1, will be further used for the numerical
simulations of the global buckling behaviour of cellular and castellated
members.
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11.1.2 Influence of web openings and modified residual
stresses on the global buckling resistance
2. What is the influence of the modified residual stresses and web
openings on the global buckling resistance?
• Qualitatively, the web openings did not influence the buckling
resistance. Quantitatively, the author proposes to use the 2T
approach for the calculation of all cross-sectional properties except
the torsional stiffness It. For the latter, a weighted average approach
was proposed.
• The modified residual stresses will influence the lateral-torsional
buckling resistance and the flexural buckling resistance detrimen-
tally.
• Using the results of a numerical parametric study, a first proposal for
design rules was made, using the current (and future) EC3 buckling
curve formulations. This preliminary proposal was based on a
comparison of the model uncertainty of each considered buckling
curve.
After the influence of the production process on the residual stresses
was determined, the effect of these modified residual stresses and the
effect of the modified geometry on the global buckling resistance of
cellular and castellated members could be investigated. This was done
through a parametric study. The numerical model used in this parametric
study was validated by comparing its results with results from two sets
of lateral-torsional buckling experiments. The first set of experiments
is described in Chapter 7, and was performed on the same beams as
those used for the above residual stress determination, while the second
set of experiments is described in (Nseir et al., 2012). Overall, a good
agreement was obtained between the experimental and numerical results,
with one exception for the longer beams. For these beams, the numerically
modelled beams did not fail by lateral-torsional buckling, but by plastic
yielding at very large deformations. The corresponding large resistance
values could not be reached experimentally. This accentuates the need to
check the numerically obtained resistances and corresponding behaviour
carefully, to be sure that the numerically obtained resistances correspond
with the supposedly studied behaviour.
In the parametric study, the weak-axis flexural buckling and lateral-
torsional buckling resistance of a large variation of cellular and castellated
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member geometries of different slendernesses was examined. For each
considered geometry and load case, the elastic buckling behaviour as well
as the non-linear failure behaviour of the imperfect member were studied.
Consequently, a large set of values for the critical buckling moment Mcr
and the lateral torsional buckling resistance MRd was obtained, as well
as values for the weak-axis flexural critical buckling load and resistance
(Ncr and NRd). Since the observed behaviour was qualitatively similar
to the behaviour observed for I-section members without web openings,
design rules could be proposed based on the already existing design
methods for the buckling resistance of plain-webbed I-section members,
using a buckling curve formulation. The appropriate buckling curve
for each geometry and load case was selected based on a reliability
based comparison using the partial factor γRd, representing the model
uncertainty of the considered design model corresponding with a certain
buckling curve formulation.
In the buckling curve formulations, the reduction factors χ = NRd/Npl
and χLT = MRd/MRd are expressed as a function of the slenderness,
λ¯ = Ncr/Npl or λ¯LT = Mcr/Mpl respectively. It is proposed to calculate
the plastic load Npl and plastic moment Mpl at the weakest cross-section,
following a 2T approach. Thus, the plastic resistance at low slenderness
values will correspond with the real plastic resistance of the member.
The parametric study demonstrated that the critical weak-axis flexural
buckling load Ncr is influenced little by the presence of the web openings,
and can be either calculated for the gross cross-section or at the 2T
cross-section at the opening (the weak-axis bending stiffness varies very
little between both locations). For the critical bending moment Mcr, the
influence of the openings will be larger due to the effect of the openings
on the torsional stiffness. As a safe approach, the 2T approach could be
used for the calculation of the cross-sectional properties, but large safe
deviations were noticeable for the higher lengths. If a more accurate value
of the critical buckling moment is desired, a weighted average approach
is recommended. Here, the weighted average of the torsional constant
along the length should be used, based on equivalent opening lengths
`o,avg = w + 1.5c for castellated beams and `o,avg = 0.9a for cellular beams
(cf. Fig. 9.9 ). All further calculations were done using the 2T approach for
all cross-sectional properties except for the torsional constant It, where
the weighted average approach was used.
Based on the reliability-based comparison of the different buckling
curves, a preliminary proposal could be made for the suitable buckling
curve for the weak-axis flexural buckling curve resistance of cellular and
castellated members. Since the selection is based on the height-to-width
ratio h/b of the parent sections, a direct link with the assumed residual
stress pattern can be perceived. For members with h/b ≤ 1.2, buckling
curve d is proposed. For member with h/b > 1.2, buckling curve c can be
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used.
For the lateral-torsional buckling resistance, two buckling curve for-
mulations were considered. The first formulation is the currently used
buckling curve formulation in the Eurocode 3 standard, identical to the
flexural buckling curves. The second formulation is the new lateral-
torsional buckling curve formulation proposed by Taras, which will be
most probably included in the updated version of the Eurocode 3. This
second approach was formulated specifically for the lateral-torsional
buckling case, and should give smaller deviations than the first buckling
curve formulation which was formulated for the flexural buckling case.
Again, the most suitable imperfection factor corresponding with both
formulations was selected based on the comparison of the corresponding
partial factors γRd.
If the current lateral-torsional buckling formulation is used, it is
proposed to use an imperfection factor αLT = 0.6 for all geometries. For
the new formulation, it is proposed to use αLT = 0.18 ·
√
Wel,y
Wel,z
≤ 0.64 for
the geometries with h/b > 1.2. For members corresponding with parent
section geometries for which h/b ≤ 1.2, αLT = 0.25 ·
√
Wel,y
Wel,z
≤ 0.64 is
proposed. Again, a direct link with the assumed residual stress pattern is
visible.
To conclude, some caution regarding the use of these recommended
buckling curves, which are only of preliminary nature, is advised. This is
especially so for the lateral-torsional buckling case, considering that only
a uniform bending moment distribution for a beam with perfect fork-end
conditions was considered. Additionally, the proposed curves are only
valid if the assumed properties of the ’model’ members in the numerical
simulations are valid. A major influence here will be the assumed residual
stress pattern, for which an extension of the residual stress experimental
study to heavier sections would be useful. Definitive buckling curves
could be based on a wider probabilistic study in which the residual stress
measurements above are used. While this will no longer be part of the
current work, it can be recommended for further research.
11.2 Further research
As already mentioned in the previous section, a first part of the further
research would serve to propose definitive buckling curves for the global
buckling of cellular and castellated members loaded in bending or com-
pression. First of all, it should be examined experimentally whether
the assumed residual stress distribution of the cellular and castellated
members are also valid for heavier parent sections and sections with other
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values of the yield stress. These residual stress patterns will influence both
the lateral-torsional buckling and flexural buckling curves. Additionally,
the determination of the cross-sectional class of cellular and castellated
members and its suitability for the global buckling behaviour should be
examined.
For the definitive formulation of the lateral-torsional buckling curves,
a larger variation of considered bending moments distribution should be
taken into account, considering linear variations of the bending moment
line, as well as the effects of concentrated loads and uniformly distributed
loads. Once all the above factors are taken into account, the buckling
curve formulation can be determined based on a probabilistic approach,
e.g. using Monte Carlo simulations. Possibly, this buckling curve for-
mulation could have a better fit with numerical results by modifying the
formulation of the imperfection factor.
Additionally, this research could be further extended to more realistic
boundary conditions. It would be useful to study the global buckling
behaviour of columns and beams of which the displacement of one of the
flanges is restrained continuously or locally, for which the web distortion
will be more important. This situation could correspond with roof beams
fixed at the upper flange and subjected to a hogging bending moment.
Another example of application would be the buckling behaviour of
columns which are connected with sandwich panels at one of their flanges.
Additionally, the effect of the combined bending moment and normal
force in a beam-column would also be useful for research, as this corres-
ponds with more realistic load cases. Furthermore, an extension of the
research to asymmetrical members could be useful. Thus, the effect of the
modified residual stress in these members on e.g. the LTB behaviour of
cellular beams during the construction phase of composite steel-concrete
structures, could be studied.
To conclude, the research about the residual stresses could not only
be useful for castellated and cellular members, but could also prove a
useful basis to determine the residual stresses in tapered members made
by cutting hot-rolled I-section members along an oblique line in the web,
followed by rotating and rewelding both halves.
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AppendixA
Cellular and castellated
member geometries and
geometrical constraints
A.1 Geometry
All dimensions are based on Fig. 2.3 and Fig. 4.3.
A.1.1 Cellular members
The resulting height of a doubly-symmetrical cellular member with open-
ing diameter a and web post width w, made from a certain parent section
with height h, can be determined using Equation A.1.1. This equation
can be derived based on Fig. A.1. In the equation, rb is the cutting width,
which is often equal to about 8 mm. This value of rb will be used in all
calculations in this work.
H = h +
√
(a + 2rb)2 − w2
2
(A.1.1)
A.1.2 Castellated members
The geometry of a castellated member is determined by three factors. The
hexagonal opening height determines the total castellated member height
by Eq. A.1.2. Other determining parameters are the web post width w
and the opening angle α.
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h rb H
wend
a
w
hweb, TS
Figure A.1: Resulting cellular member height.
H = h +
a
2
(A.1.2)
According to (Grünbauer, 2010)1, two types of castellated geometries
exist. In Europe, the Peiner-Schnittführung (PSF) or Litzka-Schnittführung
is used most often. In this geometry, the opening angle α is chosen such
that tan(α) = 2. The ratio H/h is chosen to be equal to 1.5, as a result of
which the opening height is h. The web post width w is chosen as h/2.
In Anglo-Saxon countries, the geometry is slightly different. While the
opening height is still equal to h, the opening angle is now 60° and the
web post width is now 0.27h
A.2 Geometrical constraints
In (CTICM, 2006), the following constraints are given for cellular member
geometries. All constraints mentioned hereunder will be used for the
geometry determination for the parametric studies, except constraint 3
(Eq. A.2.3).
Constraint 1:
a
tw
≤ 90 (A.2.1)
Constraint 2:
0.08`0 ≤ w < 0.75`0 (A.2.2)
Constraint 3:
50 mm ≤ w (A.2.3)
Constraint 4:
H
a
≥ 1.25 (A.2.4)
1A Dutch producer of castellated beams which has now discontinued its activities.
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Constraint 5:
H
a
≤ 4 (A.2.5)
Constraint 6, with ε =
√
235
fy
and hweb = H − 2t f :
hweb
tw
≤ 124ε (A.2.6)
Constraint 7, with hweb,TS =
H−2t f−a
2 :
hweb,TS − r > 0.01m (A.2.7)
Constraint 8:
hweb,TS > 0.03m (A.2.8)
Constraints 7 and 8 are practical constraints that ascertain that there is
enough room for the nozzle during the cutting of the web of the parent
section.
These rules were also used for castellated members, with the addi-
tional constraint that w ≤ 0.5`o (CEN, 1998).
A.3 Section classification
For members with web openings, the section classification check should
be done separately for the flanges, the web at the web post (between the
openings) and the web at the tee section. The class of the considered cross-
section geometry is equal to the highest obtained class for the considered
load case.
For the first two checks, the rules from EC3, Section 5.5 (Table 5.2)
apply (CEN, 2005). For check of the web at the tee section, the rules from
annex N of ENV3 can be used, which check the local buckling of the
outstanding part of the web at the tee. The rules from annex N are cited
below (CEN, 1998). In this excerpt, the used dimensions and symbols are
identical to those used in Sections A.1 and A.2.
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’The portions of the web forming the stems of unstiffened tees above
and below unstiffened web openings may be classified allowing for the
restraint of the adjacent portions of the web, as follows:
• for Class 2:
either l∗ ≤ 32εtw or hweb,TS ≤ 10εtw√
1−
(
32εtw
l∗
)2 (A.3.1)
• for Class 3:
either l∗ ≤ 36εtw or hweb,TS ≤ 14εtw√
1−
(
36εtw
l∗
)2 (A.3.2)
In all expressions above l∗equals:
l∗ = 0.7a (for circular openings) (A.3.3)
l∗ = c + w (for hexagonal openings) (A.3.4)
’
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Tensile tests
B.1 Specimen dimensions, location and naming
The location of the centreline of the rectangular tensile coupons and their
names are given in Fig. B.1. The dimensions of the coupons are given
in Fig. B.2. These locations and dimensions were determined according
to EN ISO 6892-1:2009, except for the CS2L1_4 and CS2L2_4 locations,
which were chosen in the web, as close to the fillet as possible.
B.2 Results for each specimen
The tensile tests were executed according to EN ISO 6892-1:2009 B20 at
Sirris (Zwijnaarde, Belgium). While the values for the tensile strength Rm,
yield stress Rp,0.2 and strain after failure A were certified, the values of the
modulus of elasticity E were not. The results are given in Tables B.1-B.4.
The values of the modulus of elasticity marked with an asterisk were
found to be non-reliable.
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Figure B.1: Location of centreline of coupons for tensile tests.
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Figure B.2: Dimensions of coupons for tensile tests.
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Table B.1: Tensile test results for top flange (CSxLy_1).
member
name CS1L1 CS1L2 CS2L1 CS2L2 CS3L1 CS3L2
Rm (MPa) 472 478 472 467 474 476
Rp,0.2 (MPa) 348 352 348 342 350 346
A (%) 31.5 34.5 31.5 33.0 32.0 32.5
E (GPa) 214.7 334.0* 207.2 199.0 204.2 195.7
* non-reliable value
Table B.2: Tensile test results for bottom flange (CSxLy_3).
member
name CS1L1 CS1L2 CS2L1 CS2L2 CS3L1 CS3L2
Rm (MPa) 464 472 465 462 462 461
Rp,0.2 (MPa) 342 349 351 341 335 348
A (%) 30.5 32.0 31.5 31.0 32.5 33.0
E (GPa) 198.6 210.0 196.8 199.5 172.9 206.4
Table B.3: Tensile test results for web (CSxLy_2).
member
name CS1L1 CS1L2 CS2L1 CS2L2 CS3L1 CS3L2
Rm (MPa) 454 459 467 456 465 466
Rp,0.2 (MPa) 320 332 339 329 333 332
A (%) 37.5 39.5 39.5 37.0 36.0 37.0
E (GPa) 195.6 179.5 189.5 163.3* 211.7 332.8*
* non-reliable value
Table B.4: Tensile test results for web (CSxLy_4).
member
name CS2L1 CS2L2
Rm (MPa) 460 447
Rp,0.2 (MPa) 341 326
A (%) 39.5 38.0
E (GPa) 205.9 187.1
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LTB specimens
C.1 Measured dimensions
The measured dimensions, according to Fig. C.1, are given in Table C.1.
The height h of the cross-section was measured in the middle of the
flanges.
C.2 Measured imperfections
The lateral imperfections in y- and z-direction were measured using a
string that was stretched along the members’ length. The imperfections in
y-direction were measured using a string that was stretched between the
top flange centres at both sides of the beam, and measuring the distance
between one of the flange edges and the string (ZUy in Fig. C.1). By
assuming that the used top flange’s edge is parallel to the centreline of the
member, the lateral imperfections relative to the chord between the edges
of the member ∆y could be calculated. No measurements were done for
the bottom flange. This method will only give approximate results and
the estimated precision is 1 mm.
Similarly, the imperfection in z-direction was measured by stretching
a string along the web, between the extreme welds at both sides, and
measuring the distance between the string and the top flange (ZUz in
Fig. C.1).
A torsional imperfection was neither considered nor measured.
The relative imperfections in y-direction are drawn in Fig. C.2, and
the relative imperfections in z-direction in Fig. C.3. If the imperfection
amplitude ∆y or ∆z>0, the imperfection is directed in positive y- or
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tf,b
htee,b
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hw,Lh
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Figure C.1: Measured dimensions of LTB specimens.
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Table C.1: Measured dimensions of LTB specimens.
specimen t f l,t t f l,b tw hw,t hw,b h
name [mm] [mm] [mm] [mm] [mm] [mm]
CS1L2_L3 7.6 6.9 5.5 50.7 50.2 220.2
CS1L1_L4 7.5 7.0 5.4 48.9 51.5 219.9
CS1L2_L6 7.6 7.1 5.7 50.9 51.0 220.1
nom. dim. 7.4 7.4 5.4 49.7 49.7 220.6
CS2L2_L3 7.5 7.1 5.5 38.9 37.6 219.7
CS2L1_L4 7.6 7.1 5.5 39.2 37.3 220.1
CS2L2_L6 7.4 7.0 5.4 39.9 37.4 219.9
nom. dim. 7.4 7.4 5.4 40.3 40.3 220.6
specimen a `o b f l,t b f l,b hw,l hw,r
name [mm] [mm] [mm] [mm] [mm] [mm]
CS1L2_L3 118.9 136.3 82.5 84.4 205.1 205.3
CS1L1_L4 118.7 136.3 82.5 83.2 204.2 205.0
CS1L2_L6 199.1 136.0 82.4 84.4 205.2 205.5
nom. dim. 121.2 140 82 82 205.8 205.8
CS2L2_L3 142.9 143.0 82.3 83.1 204.9 204.8
CS2L1_L4 142.7 142.9 82.6 83.8 204.3 205.4
CS2L2_L6 142.6 142.9 82.4 83.2 205.4 204.7
nom. dim. 140 140 82 82 205.8 205.8
211
APPENDIX C. LTB SPECIMENS
-0.2
0
0.2
0.4
0.6
0.8
∆y/L [‰]
x/L [-]
CS1L2_L3
CS2L2_L3
CS1L1_L4
CS2L1_L4
CS1L2_L6
CS2L2_L6
1
Figure C.2: Measured horizontal imperfection ∆y of LTB specimens.
Table C.2: Measured lateral imperfections of LTB specimens.
specimen ∆ymax ∆zmin L|∆y|max
L
|∆z|max
name [mm] [mm] [-] [-]
CS1L2_L3 2 -1 1805 2333
CS1L1_L4 2 -1 2107 4012
CS1L2_L6 1 -2 6120 2573
CS2L2_L3 1 -2 3110 2483
CS2L1_L4 2 -4 3053 1633
CS2L2_L6 1 -2 8147 3038
z-direction, respectively. The maximum imperfection amplitudes are
given in Table C.2. All measurements occurred at intervals of 30 cm along
the members length.
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Figure C.3: Measured vertical imperfection ∆z of LTB specimens.
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AppendixD
Residual stress
measurements
In this appendix, more detailed data and results of the residual stress
measurements are given. The locations of the different residual stress
measurements along the members are shown in Fig. 5.7, together with the
corresponding names which are used in this part.
D.1 Strain gage and cutting location
The location of the strain gages in the flanges is equal for all tested
specimens (Fig. D.1). For the strain gages in the web, the locations were
chosen such that the residual stresses in the AC and AW specimens were
measured at the same location as for the original parent section. For the
CS1 and CS2 geometries, the locations of the web strain gages are given
in Fig. D.2, while the locations for CS3 are given in Fig. D.3.
The width of each separated part was 15 mm for the flanges. In the
web, the height of each separated part was 10 mm. Each strain gage was
located centrally between the two longitudinal cuts that surrounded it.
The order of cutting is given in Fig. D.4 for the PS specimens. For the
AW specimens, the cutting order is similar to the one used for the PS
specimens. For the member halves obtained after cutting the web (AC),
the cutting order is depicted in Fig. D.5.
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Figure D.1: Location of the strain gages (flanges). Dimensions are in
mm.
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Figure D.2: Location of the strain gages for CS1 and CS2 geometries:
web post (left), tee section (middle), parent section (right). Dimensions
are in mm.
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Figure D.3: Location of the strain gages for CS3 geometries: web post
(left), tee section (middle), parent section (right). Dimensions are in mm.
Figure D.4: Location of the cuts and cutting order for PS. For the AW
specimens, the cutting order is similar.
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Figure D.5: Location of the cuts and cutting order for AC section halves,
for WP and TS.
D.2 Results PS
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Figure D.6: Measured σres for separate parent sections (PS specimens).
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D.3 Results AC
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Figure D.7: Measured σres for separate CS1 and CS3 halves after cutting
(AC specimens). Values are given for the web post (WP) and tee section
(TS).
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D.4 Results AW
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Figure D.8: Measured σres for separate completed castellated member
specimens CS1 and CS3 (AW). Values are given for the web post (WP)
and tee section (TS).
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Figure D.9: Measured σres for separate completed castellated member
specimens CS2 (AW). Values are given for the web post (WP) and tee
section (TS).
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APPENDIX E. ANALYTICAL CALCULATION OF RESIDUAL
STRESSES
E.1 Results for specimens
E.1.1 Thermal effects of cutting for AC specimens
Table E.1: Thermal σres due to cutting of CS1-CS3.
fy c f σt σc
275 MPa [mm] [MPa] [MPa]
CS1,CS2 TS 8.9 37 -230
WP 8.9 13 -84
CS3 TS 8.9 59 -321
WP 8.9 13 -76
fy c f σt σc
328 MPa [mm] [MPa] [MPa]
CS1,CS2 TS 7.5 34 -216
WP 7.5 13 -82
CS3 TS 7.5 53 -296
WP 7.5 12 -74.8
fy c f σt σc
400 MPa [mm] [MPa] [MPa]
CS1,CS2 TS 6.1 32 -205
WP 6.1 13 -80
CS3 TS 6.1 48 -276
WP 6.1 12 -73.4
224
APPENDIX E. ANALYTICAL CALCULATION OF RESIDUAL
STRESSES
E.1.2 Thermal effects of cutting and welding for AW spe-
cimens
Table E.2: Effects of cutting and welding of specimens: tensile zone
widths and corresponding σres.
fy c f cw c f w H σc
[MPa] [mm] [mm] [mm] [mm] [MPa]
CS1,CS2 275 8.9 23.6 29.2 220.6 -19CS3 240 -18
fy c f cw c f w H σc
[MPa] [mm] [mm] [mm] [mm] [MPa]
CS1,CS2 328 7.5 19.8 24.5 220.6 -19CS3 240 -18
fy c f cw c f w H σc
[MPa] [mm] [mm] [mm] [mm] [MPa]
CS1,CS2 400 6.1 16.2 20.1 220.6 -18CS3 240 -18
E.1.3 Rebound for AC specimens, with residual stresses
ECCS
Table E.3: Equilibrating stresses due to the elastic rebound for σres,0
ECCS.
σeq,top σeq,bot σeq,N σeq,top,M σeq,bot,M
[MPa] [MPa] [MPa] [MPa] [MPa]
CS1,CS2 TS -6 -16 -8 1 -9
WP -6 45 6 -12 39
CS3 TS -5 -32 -9 3 -24
WP -5 39 6 -11 33
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STRESSES
E.2 Results for heavier sections
E.2.1 Rebound effects
Table E.4: Elastic rebound at TS and WP (small WP widths).
H= H=
1.2 x h hcut σeq,N,TS 1.6 x h hcut σeq,N,TS
[mm] [MPa] [mm] [MPa]
IPE300 114.7 -5 IPE300 54.7 -9
IPE600 230.5 -6 IPE600 110.5 -11
HE320A 116.3 -5 HE320A 54.3 -7
HE650A 243.0 -4 HE650A 115.0 -7
HE320M 123.6 -5 HE320M 51.8 -6
HE650M 247.2 -4 HE650M 113.6 -7
Table E.5: Elastic rebound at WP (large WP widths).
H= H=
1.2 x h hcut σeq,N,TS 1.6 x h hcut σeq,N,TS
[mm] [MPa] [mm] [MPa]
IPE300 174.4 4 IPE300 234.7 5
IPE600 350.5 5 IPE600 470.5 6
HE320A 178.3 4 HE320A 240.3 5
HE650A 371.0 4 HE650A 499.0 5
HE320M 195.4 4 HE320M 267.2 5
HE650M 380.8 4 HE650M 514.4 5
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E.2.2 Thermal effects
Table E.6: Effects of cutting and welding of general geometries on
tensile zone widths and corresponding σres.
H= WP TS
1.2 x h c f cw c f w σc,WP c f σc,TS
[mm] [mm] [mm] [MPa] [mm] [MPa]
IPE300 8.9 28.1 34.1 -15 8.9 -9
IPE600 11.6 47.5 56.9 -14 11.6 -7
HE320A 10.1 35.6 42.9 -10 10.1 -5
HE650A 12.3 53.5 63.9 -11 12.3 -5
HE320M 15.4 83.2 99.1 -22 15.4 -7
HE650M 15.4 83.2 99.1 -18 15.4 -6
H= WP TS
1.6 x h c f cw c f w σc,WP c f σc,TS
[mm] [mm] [mm] [MPa] [mm] [MPa]
IPE300 8.9 28.1 34.1 -13 8.9 -11
IPE600 11.6 47.5 56.9 -12 11.6 -9
HE320A 10.1 35.6 42.9 -10 10.1 -6
HE650A 12.3 53.5 63.9 -10 12.3 -6
HE320M 15.4 83.2 99.1 -20 15.4 -8
HE650M 15.4 83.2 99.1 -16 15.4 -7
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LTB Experiments
F.1 Location of loads and supports
The exact location of the loads and the supports for the LTB experiments
is shown in Fig. F.1. As the CS2 members were made starting from CS1
members by cutting circular openings around the hexagonal openings,
the location of the openings will remain the same and the slendernesses
will vary little. As a result, the locations of the loads and supports will
stay the same for both geometries.
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Figure F.1: Location of loads and supports for the specimens (dimen-
sions in mm).
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Figure F.2: Location of strain gages at central opening.
F.2 Instrumentation
Table F.1: Overview of the instrumentation.
symbol description measurement
unit
F total load by hydraulic jack [kN]
e f ront measured strain above central opening (front) µstrain [-]
eback measured strain above central opening (back) µstrain [-]
w1 vert. displ. of top flange of centre of specimen [mm]
w2 vert. displ. of load beam (above left load) [mm]
w3 vert. displ. of load beam (above right load) [mm]
v4 hor. displ. of roller mechanism [mm]
v5 hor. displ. of top of load frame [mm]
v6 hor. displ. of bottom of load frame [mm]
v7 hor. displ. of specimen at left load (top) [mm]
v6 hor. displ. of specimen at left load (bottom) [mm]
v7 hor. displ. of specimen at right load (top) [mm]
v6 hor. displ. of specimen at right load (bottom) [mm]
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F.3 Detailed results of experiments
F.3.1 Vertical displacements w2 and w3 of the load beam
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Figure F.3: CS1_L3 and CS2_L3: F vs. w2 and w3.
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Figure F.4: CS1_L4 and CS2_L4: F vs. w2 and w3.
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Figure F.5: CS1_L6 and CS2_L6: F vs. w2 and w3.
234
APPENDIX F. LTB EXPERIMENTS
F.3.2 Horizontal displacements v7 − v10 of the test beam
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Figure F.6: CS1_L3 and CS1_L3: F vs. v7 − v10.
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Figure F.7: CS1_L4 and CS2_L4: F vs. v7 − v10.
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Figure F.8: CS1_L6 and CS2_L6: F vs. v7 − v10.
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F.3.3 Rotations ϕx of the test beam
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Figure F.9: CS1_L3 and CS2_L3: F vs. ϕx.
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Figure F.10: CS1_L4 and CS2_L4: F vs. ϕx.
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Figure F.11: CS1_L6 and CS2_L6: F vs. ϕx.
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F.3.4 Horizontal displacements v4 − v6 of the hydraulic
jack and the load frame
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Figure F.12: CS1_L3 and CS2_L3: F vs. v4 − v6.
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Figure F.13: CS1_L4 and CS2_L4: F vs. v4 − v6.
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Figure F.14: CS1_L6 and CS2_L6: F vs. v4 − v6.
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F.3.5 Rotation ϕx,LF of the load frame
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Figure F.15: CS1_L3 and CS2_L3: F vs. ϕx,LF.
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Figure F.16: CS1_L4 and CS2_L4: F vs. ϕx,LF.
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Figure F.17: CS1_L6 and CS2_L6: F vs. ϕx,LF.
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Validation details
G.1 Experiments at Ghent University
Table G.1: Nominal and assumed dimensions. Dimensions are given
in mm.
assumed dimensions nominal dimensions
CS1 CS2 CS1 CS2
t f 7.3 7.3 t f 7.4 7.4
tw 5.5 5.5 tw 5.4 5.4
H 220.0 220.0 H 220.6 220.6
b 83.1 83.1 b 82.0 82.0
a 118.9 142.8 a 121.2 140.0
`o 136.2 142.8 `o 140.0 140.0
w 73.8 67.2 w 70.0 70.0
wend 36.9 33.6 wend 35.0 35.0
c 31.2 - c 35.0 -
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Table G.2: Assumed yield stress.
specimen member fy,t f l fy,b f l fy,web
name name [MPa] [MPa] [MPa]
CS1_L3 CS1L2 352 349 332
CS1_L4 CS1L1 348 342 320
CS1_L6 CS1L2 352 349 332
CS2_L3 CS2L2 342 341 329
CS2_L4 CS2L1 348 351 339
CS2_L6 CS2L2 342 341 329
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G.2 Experiments at EIA-FR
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Figure G.1: HE340A specimen (courtesy of N. Boissonnade).
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Figure G.2: IPE330 specimen (courtesy of N. Boissonnade).
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Figure G.3: Angelina specimen (courtesy of N. Boissonnade).
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AppendixH
Modified section properties
for castellated and cellular
members
Iz,2T = 2
b3t f
12
+
(H − a) t3w
12
(H.0.1)
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+ 2bt f
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Appendix I
Parametric study
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I.1 Overview of studied geometries
Castellated geometries Cellular geometries
HE320A min max HE320A min max
a 0.248 0.372 a 0.248 0.372
H 0.434 0.496 H 0.387 0.487
CS f lange 1 1 CS f lange 1 1
CSopening 2 2 CSopening 2 2
CSweb,M 1 1 CSweb,M 1 1
CSweb,N 3 4 CSweb,N 2 4
CSall 3 4 CSall 2 4
ae f f - 0.040 ae f f - 0.034
HE320M min max HE320M min max
a 0.2872 0.359 a 0.287 0.359
H 0.5026 0.5385 H 0.450 0.530
CS f lange 1 1 CS f lange 1 1
CSopening 2 2 CSopening 2 2
CSweb,M 1 1 CSweb,M 1 1
CSweb,N 1 1 CSweb,N 1 1
CSall 2 2 CSall 2 2
ae f f - - ae f f - -
IPE300 min max IPE300 min max
a 0.24 0.36 a 0.240 0.360
H 0.42 0.48 H 0.374 0.471
CS f lange 1 1 CS f lange 1 1
CSopening 2 3 CSopening 2 2
CSweb,M 1 1 CSweb,M 1 1
CSweb,N 4 4 CSweb,N 4 4
CSall 4 4 CSall 4 4
ae f f 0.062 0.109 ae f f 0.030 0.101
Table I.1: Properties of studied geometries in parametric study (lower
PS).
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Castellated geometries Cellular geometries
HE650A min max HE650A min max
a 0.512 0.768 a 0.512 0.768
H 0.896 1.024 H 0.811 1.014
CS f lange 1 1 CS f lange 1 1
CSopening 2 3 CSopening 2 2
CSweb,M 1 1 CSweb,M 1 1
CSweb,N 4 4 CSweb,N 4 4
CSall 4 4 CSall 4 4
ae f f 0.187 0.292 ae f f 0.122 0.283
HE650M min max HE650M min max
a 0.5344 0.8016 a 0.534 0.802
H 0.9352 1.0688 H 0.847 1.059
CS f lange 1 1 CS f lange 1 1
CSopening 2 2 CSopening 2 2
CSweb,M 1 1 CSweb,M 1 1
CSweb,N 3 4 CSweb,N 2 4
CSall 3 4 CSall 2 4
ae f f - 0.076 ae f f - 0.070
IPE600 min max IPE600 min max
a 0.48 0.72 a 0.480 0.720
H 0.84 0.96 H 0.760 0.950
CS f lange 1 1 CS f lange 1 1
CSopening 2 3 CSopening 2 2
CSweb,M 1 2 CSweb,M 1 2
CSweb,N 4 4 CSweb,N 4 4
CSall 4 4 CSall 4 4
ae f f 0.208 0.309 ae f f 0.144 0.301
Table I.2: Properties of studied geometries in parametric study (higher
PS).
I.2 Observed local buckling during parametric
study for Ncr
All members mentioned in Tables I.3-I.4 failed by a local buckling mode
along the members’ length, except for the geometries with remark ’ends’,
which failed by local buckling at the supports of the beams.
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HE320A Ncr,abq Ncr,FB L fH α fw fL
[kN] [kN] [m] [-] [°] [-] [-] remarks
c2 10 491 11 487 3.55 1.4 60 0.1 8 -
c3 10 508 11 706 3.51 1.4 75 0.1 8 -
c10 10 474 11 519 3.54 1.4 45 0.3 8 -
c12 10 629 11 532 3.54 1.4 75 0.3 8 -
c19 8 317 10 448 3.72 1.4 45 0.5 8 ends
c21 10 655 11 229 3.59 1.4 75 0.5 8 -
c22 7 175 10 448 3.72 1.5 45 0.5 8 ends
c23 9 841 10 235 3.76 1.5 60 0.5 8 ends
c25 6289 7 255 4.46 1.6 45 0.6 8 ends
HE650A Ncr,abq Ncr,FB L fH α fw fL
[kN] [kN] [m] [-] [°] [-] [-] remarks
c19 9 162 11 428 4.61 1.4 45 0.5 5 -
IPE300 Ncr,abq Ncr,FB L fH α fw fL
[kN] [kN] [m] [-] [°] [-] [-] remarks
c19 2 338 2 676 2.16 1.4 45 0.5 5 -
Table I.3: Local buckling occurrences for castellated geometries during
LBA analyses.
HE320A Ncr,abq Ncr,FB L fa fw fL
[kN] [kN] [m] [-] [-] [-] remarks
c1 10 120 11 028 3.62 0.8 0.1 8 -
c4 10 480 12 344 3.42 0.8 0.4 8 -
c7 10 580 11 818 3.47 0.8 0.7 8 -
HE650A Ncr,abq Ncr,FB L fH α fL
[kN] [kN] [m] [-] [-] [-] remarks
c8 10 606 11 424 4.61 1.0 0.7 5 -
Table I.4: Local buckling occurrences for cellular geometries during
LBA analyses.
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I.3 Additional results for Ncr
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Figure I.1: Deviation of Ncr,0.
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I.4 Additional results for NRd
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320A [%] [%] [%] [%] [-]
∆NRd,a -28.0 -5.5 -14.8 -14.2 1.26
∆NRd,b -19.7 -1.2 -8.9 -8.7 0.52
∆NRd,c -11.3 3.7 -2.4 -1.2 0.13
∆NRd,d -0.2 13.0 8.7 11.5 0.05
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320M [%] [%] [%] [%] [-]
∆NRd,a -27.3 -5.9 -14.6 -14.1 0.69
∆NRd,b -18.9 -1.6 -8.7 -8.4 0.28
∆NRd,c -10.3 3.4 -2.2 -1.0 0.07
∆NRd,d 0.1 12.6 9.0 11.8 0.03
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE300 [%] [%] [%] [%] [-]
∆NRd,a -19.2 -1.6 -10.7 -12.4 0.96
∆NRd,b -10.6 2.9 -3.5 -3.6 0.21
∆NRd,c -2.7 8.3 4.2 6.0 0.03
∆NRd,d 8.5 23.3 17.2 17.3 0.50
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650A [%] [%] [%] [%] [-]
∆NRd,a -18.1 -0.8 -9.1 -7.6 0.76
∆NRd,b -10.6 3.5 -2.3 -0.3 0.18
∆NRd,c -3.3 8.5 5.1 7.5 0.03
∆NRd,d 7.9 22.6 17.7 19.0 0.41
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650M [%] [%] [%] [%] [-]
∆NRd,a -18.0 -0.7 -9.2 -7.4 0.74
∆NRd,b -10.6 3.6 -2.2 -0.2 0.17
∆NRd,c -3.3 8.6 5.3 7.5 0.04
∆NRd,d 8.5 22.8 18.0 19.4 0.41
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE600 [%] [%] [%] [%] [-]
∆NRd,a -19.3 -0.9 -10.0 -10.6 0.66
∆NRd,b -10.6 3.2 -2.7 -2.5 0.11
∆NRd,c -1.6 8.0 5.2 6.4 0.03
∆NRd,d 13.1 22.5 18.4 18.1 0.47
Table I.5: Deviation of NRd,2T for castellated members. The underlined
values correspond with the best fitting buckling curves.
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∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320A [%] [%] [%] [%] [-]
∆NRd,a -27.7 -5.8 -15.6 -13.4 0.28
∆NRd,b -19.4 -1.4 -9.4 -8.8 0.11
∆NRd,c -10.9 3.7 -2.7 -2.2 0.03
∆NRd,d 0.7 13.0 8.7 11.2 0.01
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320M [%] [%] [%] [%] [-]
∆NRd,a -27.1 -6.2 -15.1 -12.1 0.22
∆NRd,b -18.8 -1.7 -9.0 -8.7 0.08
∆NRd,c -10.2 3.5 -2.3 -1.1 0.02
∆NRd,d 1.2 13.1 9.0 11.8 0.01
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE300 [%] [%] [%] [%] [-]
∆NRd,a -18.4 -2.0 -10.7 -12.1 0.29
∆NRd,b -9.9 2.9 -3.5 -3.9 0.06
∆NRd,c -1.8 8.7 4.3 5.8 0.01
∆NRd,d 9.7 23.5 17.4 18.0 0.17
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650A [%] [%] [%] [%] [-]
∆NRd,a -17.5 -1.2 -9.6 -8.6 0.23
∆NRd,b -9.9 3.3 -2.6 -0.7 0.05
∆NRd,c -2.4 8.7 5.1 7.5 0.01
∆NRd,d 9.2 23.2 18.0 19.7 0.14
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650M [%] [%] [%] [%] [-]
∆NRd,a -17.2 -1.4 -9.2 -8.0 0.21
∆NRd,b -10.0 3.2 -2.2 -0.4 0.05
∆NRd,c -2.3 8.6 5.4 7.6 0.01
∆NRd,d 9.8 23.1 18.3 19.3 0.13
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE600 [%] [%] [%] [%] [-]
∆NRd,a -18.6 -1.8 -10.3 -10.2 0.22
∆NRd,b -9.7 2.7 -2.8 -2.0 0.03
∆NRd,c -0.5 8.2 5.2 6.6 0.01
∆NRd,d 14.5 23.1 18.8 18.6 0.16
Table I.6: Deviation of NRd,2T for cellular members.
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I.5 Additional results for Mcr
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Figure I.2: Deviation of Mcr,0.
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βcast ∆min ∆max ∆mean ∆med ∑
(Mcr,abq−Mcr
Mcr
)2
[-] [%] [%] [%] [%] [-]
∆Mcr,2T - 0.0 7.0 2.5 2.2 0.332
∆Mcr,0 - -7.4 -1.9 -3.7 -3.6 0.644
∆Mcr,avg 0.5 -2.1 -0.1 -0.8 -0.8 0.037
∆Mcr,avg 0.6 -1.4 0.3 -0.5 -0.4 0.015
∆Mcr,avg 0.7 -1.0 0.6 -0.2 -0.1 0.005
∆Mcr,avg 0.75 -0.9 1.0 0.0 0.0 0.005
∆Mcr,avg 0.8 -0.9 1.5 0.2 0.2 0.009
∆Mcr,avg 0.85 -0.8 2.0 0.4 0.3 0.016
∆Mcr,avg 0.90 -0.8 2.5 0.5 0.5 0.026
∆Mcr,avg 0.95 -0.7 3.0 0.7 0.6 0.040
∆Mcr,avg 1.0 -0.7 3.5 0.9 0.8 0.057
Table I.7: Deviation of Mcr for castellated beams. Only the combina-
tions with fL corresponding with a targeted slenderness λ¯LT,2T ≥ 1.5
were considered. The underlined values correspond with the best fitting
weighted average.
βcell ∆min ∆max ∆mean ∆med ∑
(Mcr,abq−Mcr
Mcr
)2
[-] [%] [%] [%] [%] [-]
∆Mcr,2T - -0.6 6.1 2.0 1.7 0.074
∆Mcr,0 - -8.6 -1.7 -4.1 -3.8 0.234
∆Mcr,avg 0.8 -1.6 -0.1 -0.6 -0.6 0.006
∆Mcr,avg 0.85 -1.4 0.2 -0.4 -0.3 0.003
∆Mcr,avg 0.90 -1.2 0.6 -0.1 -0.1 0.002
∆Mcr,avg 0.95 -1.1 1.0 0.1 0.1 0.003
∆Mcr,avg 1.0 -0.9 1.6 0.3 0.3 0.005
Table I.8: Deviation of Mcr for cellular beams. Only the combinations
with fL corresponding with a targeted slenderness λ¯LT,2T ≥ 1.5 were
considered. The underlined values correspond with the best fitting
weighted average.
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I.6 Additional results for MRd
I.6.1 Comparison with EC3, general method
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320A [%] [%] [%] [%] [-]
∆MRd,a -20.7 -1.9 -12.2 -14.2 0.77
∆MRd,b -11.6 5.4 -5.0 -8.3 0.25
∆MRd,c -6.0 13.6 2.7 0.1 0.06
∆MRd,d 3.1 27.6 15.7 15.7 0.26
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320M [%] [%] [%] [%] [-]
∆MRd,a -2.2 2.3 0.3 0.9 0.00
∆MRd,b 4.7 14.1 9.5 12.4 0.13
∆MRd,c 11.8 26.2 19.2 24.3 0.46
∆MRd,d 23.5 45.9 35.4 43.6 1.21
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE300 [%] [%] [%] [%] [-]
∆MRd,a -16.6 3.5 -7.9 -9.2 0.59
∆MRd,b -10.0 8.9 -0.5 0.1 0.15
∆MRd,c -3.2 15.0 7.5 9.8 0.07
∆MRd,d 7.8 27.3 21.0 24.6 0.47
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650A [%] [%] [%] [%] [-]
∆MRd,a -17.3 3.7 -7.9 -5.4 0.67
∆MRd,b -10.5 9.3 -0.3 2.8 0.17
∆MRd,c -3.7 15.6 7.8 11.8 0.08
∆MRd,d 6.7 27.9 21.5 25.1 0.50
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650M [%] [%] [%] [%] [-]
∆MRd,a -14.1 7.8 -3.9 -7.2 0.39
∆MRd,b -7.3 14.2 4.2 3.0 0.10
∆MRd,c -0.2 21.4 12.9 13.7 0.20
∆MRd,d 11.2 36.1 27.5 31.2 0.88
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE600 [%] [%] [%] [%] [-]
∆MRd,a -20.3 4.2 -7.7 -6.5 0.66
∆MRd,b -12.2 9.0 -0.4 1.3 0.14
∆MRd,c -3.8 14.6 7.5 9.4 0.06
∆MRd,d 9.9 26.3 20.9 22.1 0.48
Table I.9: Deviation of MRd,2T for castellated members (EC3). The
underlined values correspond with the best fitting buckling curves.
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∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320A [%] [%] [%] [%] [-]
∆MRd,a -20.6 -2.6 -12.1 -12.6 0.18
∆MRd,b -11.6 4.9 -4.9 -8.3 0.06
∆MRd,c -5.9 13.8 2.8 -0.2 0.02
∆MRd,d 3.1 30.4 15.7 15.3 0.07
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320M [%] [%] [%] [%] [-]
∆MRd,a -2.4 5.2 1.2 1.4 0.00
∆MRd,b 4.2 16.9 10.0 9.7 0.05
∆MRd,c 11.5 29.0 19.4 19.1 0.15
∆MRd,d 22.3 48.6 35.0 35.1 0.38
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE300 [%] [%] [%] [%] [-]
∆MRd,a -15.4 5.8 -6.2 -6.2 0.16
∆MRd,b -9.3 11.9 1.2 2.7 0.04
∆MRd,c -2.7 18.8 9.1 11.4 0.03
∆MRd,d 8.1 31.7 22.7 25.0 0.19
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650A [%] [%] [%] [%] [-]
∆MRd,a -16.8 2.8 -8.0 -8.6 0.21
∆MRd,b -10.5 9.2 -0.4 0.6 0.05
∆MRd,c -3.8 17.1 7.8 10.2 0.03
∆MRd,d 6.8 31.6 21.7 25.3 0.17
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650M [%] [%] [%] [%] [-]
∆MRd,a -14.4 8.3 -2.7 -2.7 0.11
∆MRd,b -7.8 15.7 5.3 6.8 0.03
∆MRd,c -0.6 24.2 14.0 16.8 0.08
∆MRd,d 11.1 40.2 28.6 32.7 0.31
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE600 [%] [%] [%] [%] [-]
∆MRd,a -20.2 3.1 -7.9 -6.8 0.21
∆MRd,b -12.0 8.2 -0.3 1.3 0.04
∆MRd,c -3.5 14.8 7.8 9.7 0.02
∆MRd,d 10.5 28.1 21.5 22.5 0.17
Table I.10: Deviation of MRd,2T for cellular members (EC3). The
underlined values correspond with the best fitting buckling curves.
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Figure I.3: MRd results: comparison with buckling curve a.
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Figure I.4: MRd results: comparison with buckling curve b.
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Figure I.5: MRd results: comparison with buckling curve c.
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Figure I.6: MRd results: comparison with buckling curve d.
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I.6.2 Comparison with new proposed EC3 rules according
to Taras.
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320A [%] [%] [%] [%] [-]
∆MRd,hr -13.9 1.6 -7.0 -9.0 0.27
∆MRd,weld -7.7 6.4 -2.0 -4.6 0.08
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320M [%] [%] [%] [%] [-]
∆MRd,hr 1.4 4.2 2.9 2.4 0.02
∆MRd,weld 7.5 9.1 8.3 8.3 0.12
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE300 [%] [%] [%] [%] [-]
∆MRd,hr -10.6 5.1 -2.8 -2.1 0.17
∆MRd,weld 2.6 16.3 11.1 13.0 0.15
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650A [%] [%] [%] [%] [-]
∆MRd,hr -11.2 5.0 -3.0 -0.9 0.20
∆MRd,weld 1.4 15.8 10.9 12.7 0.15
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650M [%] [%] [%] [%] [-]
∆MRd,hr -8.1 6.7 -0.5 -1.1 0.10
∆MRd,weld 5.0 18.4 13.1 14.7 0.27
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE600 [%] [%] [%] [%] [-]
∆MRd,hr -13.2 5.7 -2.7 -1.1 0.17
∆MRd,weld 2.4 16.1 11.0 11.5 0.15
Table I.11: Deviation of MRd,2T for castellated members (Taras). The
underlined values correspond with the best fitting buckling curves.
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∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320A [%] [%] [%] [%] [-]
∆MRd,hr -14.0 1.0 -7.5 -8.6 0.07
∆MRd,weld -7.9 5.9 -2.6 -4.7 0.02
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE320M [%] [%] [%] [%] [-]
∆MRd,hr 1.6 4.7 3.2 3.0 0.01
∆MRd,weld 7.5 9.9 8.4 8.2 0.04
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE300 [%] [%] [%] [%] [-]
∆MRd,hr -9.6 7.0 -1.4 -0.4 0.04
∆MRd,weld 3.0 18.1 12.0 13.8 0.06
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650A [%] [%] [%] [%] [-]
∆MRd,hr -10.9 4.4 -3.1 -2.3 0.06
∆MRd,weld 1.4 18.0 11.0 12.6 0.05
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
HE650M [%] [%] [%] [%] [-]
∆MRd,hr -8.5 7.5 0.3 1.1 0.03
∆MRd,weld 4.8 19.9 13.6 15.1 0.10
∆min ∆max ∆mean ∆med ∑(χabq − χ)²
IPE600 [%] [%] [%] [%] [-]
∆MRd,hr -13.0 4.7 -2.7 -1.3 0.05
∆MRd,weld 2.8 16.8 11.4 11.8 0.06
Table I.12: Deviation of MRd,2T for cellular members (Taras). The
underlined values correspond with the best fitting buckling curves.
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Partial factor γRd calculation
J.1 Used expressions
The following expressions are used to determine the partial factor γRd cor-
responding with the uncertainty of the design model. These expressions
are based on Eurocode 0, Annex D (NBN, 2002). They were extracted from
(Rebelo et al., 2009), where more details about the proposed approach can
be found as well. In Equation J.1.10, kd,n = 0.8 · 3.4 = 3.04.
It is assumed that the theoretical resistance rt,i of a specimen i is the
reduction factor χ calculated using the considered design model, while
the ’experimental’ resistance re,i corresponds with χabq, obtained using
MRd,abq or NRd,abq.
Ri =
re,i
rt,i
(J.1.1)
Rm =
1
n
n
∑
i=1
Ri (J.1.2)
σ2R =
1
n− 1
n
∑
i=1
(Ri − Rm)2 (J.1.3)
δi =
re,i
rt,i × Rm (J.1.4)
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∆i = ln (δi) (J.1.5)
∆ =
1
n
n
∑
i=1
∆i (J.1.6)
σ2∆ =
1
n− 1
n
∑
i=1
(
∆i − ∆
)2 (J.1.7)
Vδ =
√
exp
(
σ2∆
)− 1 (J.1.8)
Q =
√
ln
(
V2δ + 1
)
(J.1.9)
γRd =
1
Rm exp (−kd,nQ− 0.5Q2)
≥ 1.0 (J.1.10)
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J.2 Detailed results for NRd
J.2.1 Results for entire population
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE320A [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -28.0 -5.5 -15.0 -14.1 1.54 156 0.85 0.070 0.084 1.53
b -19.7 -1.2 -9.0 -8.7 0.63 156 0.91 0.057 0.064 1.34
c -11.3 3.7 -2.5 -1.4 0.16 156 0.98 0.048 0.050 1.20
d -0.2 13.0 8.7 11.4 0.06 156 1.09 0.044 0.041 1.04
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE320M [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -27.3 -5.9 -14.7 -13.6 0.91 103 0.85 0.069 0.084 1.52
b -18.9 -1.6 -8.7 -8.5 0.36 103 0.91 0.056 0.063 1.33
c -10.3 3.5 -2.2 -1.0 0.09 103 0.98 0.047 0.048 1.18
d 0.1 13.1 9.0 11.8 0.04 103 1.09 0.042 0.039 1.03
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
IPE300 [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -19.2 -1.6 -10.7 -12.2 1.25 174 0.89 0.057 0.064 1.36
b -10.6 2.9 -3.5 -3.6 0.27 174 0.96 0.045 0.047 1.20
c -2.7 8.7 4.2 6.0 0.04 174 1.04 0.038 0.036 1.07
d 8.5 23.5 17.3 17.6 0.66 174 1.17 0.039 0.034 0.95
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE650A [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -18.1 -0.8 -9.2 -8.1 1.00 174 0.91 0.060 0.066 1.35
b -10.6 3.5 -2.4 -0.5 0.23 174 0.98 0.047 0.049 1.19
c -3.3 8.7 5.1 7.5 0.05 174 1.05 0.040 0.039 1.07
d 7.9 23.2 17.8 19.0 0.54 174 1.18 0.040 0.035 0.94
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE650M [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -18.0 -0.7 -9.2 -7.7 0.95 173 0.91 0.059 0.065 1.35
b -10.6 3.6 -2.2 -0.3 0.21 173 0.98 0.047 0.048 1.19
c -3.3 8.6 5.3 7.5 0.05 173 1.05 0.039 0.037 1.06
d 8.5 23.1 18.1 19.4 0.54 173 1.18 0.038 0.033 0.94
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
IPE600 [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -19.3 -0.9 -10.1 -10.3 0.89 175 0.90 0.060 0.067 1.37
b -10.6 3.2 -2.7 -2.5 0.14 175 0.97 0.041 0.043 1.17
c -1.6 8.2 5.2 6.5 0.04 175 1.05 0.026 0.025 1.03
d 13.1 23.1 18.5 18.2 0.63 175 1.18 0.022 0.019 0.89
Table J.1: NRd calculations: existing EC3 curves.
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HE320A ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.4 -16.3 0.8 -6.4 -5.8 0.39 156 0.94 0.053 0.057 1.27
0.45 -13.5 2.4 -4.2 -3.3 0.24 156 0.96 0.050 0.053 1.23
0.5 -10.7 4.1 -2.1 -0.9 0.14 156 0.98 0.048 0.049 1.19
0.55 -8.1 5.7 0.0 1.6 0.08 156 1.00 0.046 0.047 1.15
0.6 -5.5 7.4 2.1 4.0 0.04 156 1.02 0.045 0.044 1.12
0.65 -3.8 9.1 4.2 6.3 0.03 156 1.04 0.044 0.043 1.09
0.7 -2.1 10.7 6.2 8.7 0.03 156 1.06 0.044 0.042 1.07
0.75 -0.5 12.6 8.3 11.0 0.06 156 1.08 0.044 0.041 1.05
0.8 1.1 14.5 10.3 13.0 0.10 156 1.10 0.045 0.041 1.03
0.85 2.6 16.7 12.3 14.9 0.15 156 1.12 0.046 0.041 1.01
0.95 5.5 21.2 16.2 18.5 0.28 156 1.16 0.048 0.043 0.98
1.05 7.8 25.7 20.1 21.9 0.44 156 1.20 0.052 0.044 0.95
HE320M ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.4 -15.4 0.4 -6.1 -5.4 0.22 103 0.94 0.052 0.056 1.26
0.45 -12.5 2.1 -3.9 -3.0 0.14 103 0.96 0.049 0.051 1.22
0.5 -9.8 3.9 -1.8 -0.5 0.08 103 0.98 0.046 0.047 1.18
0.55 -7.1 5.6 0.3 1.9 0.04 103 1.00 0.044 0.044 1.14
0.6 -5.0 7.3 2.4 4.3 0.02 103 1.02 0.043 0.042 1.11
0.65 -3.4 9.0 4.5 6.7 0.02 103 1.04 0.042 0.041 1.08
0.7 -1.8 10.7 6.5 9.0 0.02 103 1.07 0.042 0.040 1.06
0.75 -0.2 12.7 8.6 11.4 0.04 103 1.09 0.042 0.039 1.04
0.8 1.3 14.7 10.6 13.2 0.07 103 1.11 0.042 0.039 1.02
0.85 2.8 16.7 12.6 14.9 0.10 103 1.13 0.043 0.039 1.00
0.95 5.6 21.1 16.6 18.5 0.18 103 1.17 0.046 0.041 0.97
1.05 8.1 25.7 20.5 21.8 0.29 103 1.20 0.050 0.043 0.95
IPE300 ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.4 -7.0 5.1 -0.4 0.4 0.10 174 1.00 0.041 0.042 1.14
0.45 -4.4 6.9 2.2 3.5 0.04 174 1.02 0.039 0.038 1.10
0.5 -2.3 9.3 4.7 6.6 0.04 174 1.05 0.037 0.036 1.07
0.55 -0.1 11.9 7.2 9.3 0.10 174 1.07 0.037 0.035 1.04
0.6 2.0 14.5 9.6 11.4 0.19 174 1.10 0.036 0.034 1.01
0.65 4.0 17.2 12.0 13.4 0.31 174 1.12 0.037 0.033 0.99
0.7 6.1 20.1 14.4 15.3 0.46 174 1.14 0.038 0.033 0.97
0.75 8.1 22.9 16.8 17.2 0.63 174 1.17 0.039 0.034 0.95
0.8 10.2 25.7 19.1 19.2 0.82 174 1.19 0.041 0.035 0.93
0.85 12.2 28.5 21.5 21.6 1.02 174 1.21 0.043 0.035 0.92
0.95 16.1 34.0 26.0 26.8 1.45 174 1.26 0.047 0.038 0.89
1.05 20.0 39.4 30.6 31.6 1.92 174 1.31 0.052 0.040 0.87
Table J.2: NRd calculations: EC3 buckling curves with modified α (part
1/2).
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HE650A ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.4 -7.5 5.5 0.7 2.9 0.09 174 1.01 0.044 0.044 1.14
0.45 -5.1 7.2 3.1 5.6 0.05 174 1.03 0.041 0.041 1.10
0.5 -2.9 9.1 5.6 7.9 0.05 174 1.06 0.039 0.038 1.06
0.55 -0.8 11.7 8.0 10.0 0.09 174 1.08 0.038 0.036 1.03
0.6 1.3 14.5 10.4 12.1 0.16 174 1.10 0.038 0.035 1.01
0.65 3.4 17.2 12.7 13.8 0.26 174 1.13 0.038 0.035 0.99
0.7 5.4 20.0 15.0 16.2 0.38 174 1.15 0.039 0.035 0.97
0.75 7.5 22.7 17.3 18.6 0.51 174 1.17 0.040 0.035 0.95
0.8 9.5 25.4 19.6 20.7 0.66 174 1.20 0.042 0.035 0.93
0.85 11.5 28.0 21.9 22.9 0.82 174 1.22 0.043 0.036 0.92
0.95 15.4 33.3 26.4 27.1 1.17 174 1.26 0.048 0.038 0.89
1.05 19.3 38.6 30.8 31.1 1.54 174 1.31 0.052 0.041 0.87
HE650M ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.4 -7.5 5.6 0.8 3.1 0.08 173 1.01 0.043 0.043 1.13
0.45 -5.2 7.3 3.3 5.7 0.04 173 1.03 0.040 0.040 1.09
0.5 -2.8 9.2 5.8 7.9 0.05 173 1.06 0.038 0.037 1.06
0.55 -0.5 11.7 8.2 10.1 0.09 173 1.08 0.037 0.035 1.03
0.6 1.7 14.5 10.6 12.2 0.17 173 1.11 0.036 0.034 1.00
0.65 3.9 17.2 13.0 14.0 0.26 173 1.13 0.036 0.033 0.98
0.7 6.0 19.9 15.3 16.6 0.38 173 1.15 0.037 0.033 0.96
0.75 8.1 22.6 17.6 19.0 0.51 173 1.18 0.038 0.033 0.94
0.8 10.1 25.2 19.9 21.1 0.66 173 1.20 0.039 0.033 0.92
0.85 12.1 27.9 22.2 23.3 0.81 173 1.22 0.041 0.034 0.91
0.95 16.1 33.4 26.7 27.6 1.15 173 1.27 0.044 0.035 0.88
1.05 20.1 38.8 31.2 31.8 1.51 173 1.31 0.049 0.038 0.86
IPE600 ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.4 -6.9 5.1 0.5 1.2 0.04 175 1.00 0.034 0.034 1.11
0.45 -3.9 6.6 3.1 4.1 0.02 175 1.03 0.029 0.029 1.06
0.5 -1.0 8.7 5.7 6.9 0.05 175 1.06 0.025 0.024 1.02
0.55 1.8 11.3 8.2 9.1 0.11 175 1.08 0.022 0.021 0.98
0.6 4.5 14.1 10.7 11.3 0.20 175 1.11 0.020 0.018 0.96
0.65 7.2 16.9 13.2 13.3 0.32 175 1.13 0.019 0.017 0.93
0.7 9.9 19.7 15.6 15.6 0.45 175 1.16 0.020 0.017 0.91
0.75 12.5 22.5 18.0 17.8 0.60 175 1.18 0.022 0.018 0.90
0.8 15.1 25.3 20.4 20.0 0.75 175 1.20 0.024 0.020 0.88
0.85 17.7 28.0 22.8 22.2 0.92 175 1.23 0.027 0.022 0.87
0.95 22.0 33.4 27.4 27.2 1.27 175 1.27 0.034 0.026 0.85
1.05 25.1 38.7 32.1 32.4 1.64 175 1.32 0.041 0.031 0.83
Table J.3: NRd calculations: EC3 buckling curves with modified α (part
2/2).
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Figure J.1: NRd results: comparison with EC3 buckling curves for
different α (part 1/2).
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Figure J.2: NRd results: comparison with EC3 buckling curves for
different α (part 2/2).
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J.2.2 Results for lower tail approach
∆min ∆max n Rm σ∆ γRd
HE320A [%] [%] [-] [-] [-] [-]
a -28.0 -24.0 33 0.74 0.016 1.42
b -19.7 -15.0 34 0.82 0.016 1.28
c -11.3 -7.5 37 0.91 0.013 1.15
d -0.2 4.2 39 1.02 0.014 1.02
∆min ∆max n Rm σ∆ γRd
HE320M [%] [%] [-] [-] [-] [-]
a -27.3 -24.5 22 0.74 0.011 1.40
b -18.9 -16.1 22 0.82 0.011 1.25
c -10.3 -6.9 27 0.91 0.011 1.13
d 0.1 4.5 22 1.02 0.014 1.02
∆min ∆max n Rm σ∆ γRd
IPE300 [%] [%] [-] [-] [-] [-]
a -19.2 -16.4 36 0.82 0.010 1.25
b -10.6 -8.0 46 0.91 0.007 1.12
c -2.7 0.2 44 0.99 0.007 1.04
d 8.5 13.0 34 1.11 0.010 0.93
∆min ∆max n Rm σ∆ γRd
HE650A [%] [%] [-] [-] [-] [-]
a -18.1 -15.2 55 0.83 0.009 1.23
b -10.6 -7.2 45 0.91 0.011 1.14
c -3.3 1.0 34 0.98 0.009 1.05
d 7.9 13.7 33 1.10 0.013 0.94
∆min ∆max n Rm σ∆ γRd
HE650M [%] [%] [-] [-] [-] [-]
a -18.0 -15.2 52 0.83 0.010 1.24
b -10.6 -7.0 42 0.91 0.012 1.14
c -3.3 -0.1 32 0.98 0.008 1.04
d 8.5 14.3 31 1.11 0.011 0.93
∆min ∆max n Rm σ∆ γRd
IPE600 [%] [%] [-] [-] [-] [-]
a -19.3 -16.1 44 0.82 0.010 1.25
b -10.6 -6.9 44 0.92 0.011 1.13
c -1.6 2.5 39 1.01 0.011 1.02
d 13.1 16.3 33 1.16 0.008 0.89
Table J.4: NRd calculations lower tail: existing EC3 curves.
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HE320A ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.4 -16.3 -12.0 35 0.86 0.016 1.22
0.45 -13.5 -9.3 37 0.89 0.015 1.18
0.5 -10.7 -6.9 37 0.91 0.012 1.14
0.55 -8.1 -4.7 42 0.94 0.011 1.10
0.6 -5.5 -2.4 46 0.96 0.010 1.07
0.65 -3.8 -0.6 43 0.98 0.008 1.05
0.7 -2.1 1.8 42 1.00 0.010 1.03
0.75 -0.5 3.7 39 1.02 0.013 1.02
0.8 1.1 5.7 33 1.03 0.014 1.01
0.85 2.6 7.7 31 1.04 0.016 1.01
0.95 5.5 11.4 25 1.07 0.010 0.97
1.05 7.8 10.3 24 1.09 0.005 0.93
HE320M ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.4 -15.4 -11.5 23 0.86 0.012 1.21
0.45 -12.5 -9.0 24 0.89 0.011 1.16
0.5 -9.8 -6.6 27 0.92 0.011 1.13
0.55 -7.1 -4.1 31 0.94 0.010 1.09
0.6 -5.0 -1.9 34 0.97 0.009 1.06
0.65 -3.4 0.3 30 0.99 0.010 1.04
0.7 -1.8 2.4 25 1.00 0.011 1.03
0.75 -0.2 4.0 22 1.02 0.013 1.02
0.8 1.3 6.2 21 1.03 0.018 1.02
0.85 2.8 8.5 20 1.05 0.021 1.02
0.95 5.6 13.3 20 1.08 0.030 1.01
1.05 8.1 18.1 20 1.12 0.037 1.00
IPE300 ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.4 -7.0 -4.6 49 0.94 0.007 1.08
0.45 -4.4 -1.7 50 0.97 0.008 1.06
0.5 -2.3 0.9 45 0.99 0.008 1.03
0.55 -0.1 3.5 44 1.02 0.009 1.01
0.6 2.0 6.0 41 1.04 0.010 0.99
0.65 4.0 8.3 37 1.06 0.009 0.97
0.7 6.1 10.6 35 1.08 0.009 0.95
0.75 8.1 12.5 34 1.10 0.010 0.93
0.8 10.2 14.8 33 1.12 0.010 0.92
0.85 12.2 16.8 32 1.14 0.010 0.90
0.95 16.1 21.1 31 1.18 0.011 0.87
1.05 20.0 24.9 30 1.22 0.011 0.85
Table J.5: NRd calculations lower tail: EC3 buckling curves with
modified α (part 1/2).
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HE650A ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.4 -7.5 -3.7 39 0.94 0.011 1.10
0.45 -5.1 -1.2 35 0.96 0.010 1.07
0.5 -2.9 1.6 34 0.98 0.010 1.05
0.55 -0.8 2.9 33 1.01 0.009 1.02
0.6 1.3 5.5 33 1.03 0.009 1.00
0.65 3.4 8.1 33 1.05 0.010 0.98
0.7 5.4 10.7 33 1.08 0.011 0.96
0.75 7.5 13.2 33 1.10 0.012 0.95
0.8 9.5 14.1 31 1.12 0.011 0.92
0.85 11.5 16.5 31 1.14 0.012 0.91
0.95 15.4 21.2 31 1.18 0.013 0.88
1.05 19.3 25.4 30 1.22 0.014 0.85
HE650M ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.4 -7.5 -3.6 36 0.94 0.011 1.10
0.45 -5.2 -0.7 34 0.96 0.010 1.07
0.5 -2.8 0.5 32 0.99 0.008 1.04
0.55 -0.5 3.2 32 1.01 0.009 1.02
0.6 1.7 5.9 32 1.03 0.010 1.00
0.65 3.9 8.6 32 1.06 0.011 0.98
0.7 6.0 11.2 32 1.08 0.011 0.96
0.75 8.1 13.8 32 1.10 0.012 0.94
0.8 10.1 14.8 30 1.12 0.011 0.92
0.85 12.1 17.2 30 1.15 0.011 0.90
0.95 16.1 22.1 30 1.19 0.013 0.87
1.05 20.1 26.0 28 1.23 0.013 0.84
IPE600 ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.4 -6.9 -3.1 42 0.96 0.011 1.08
0.45 -3.9 0.2 42 0.99 0.011 1.05
0.5 -1.0 3.1 37 1.02 0.011 1.02
0.55 1.8 6.0 35 1.04 0.011 0.99
0.6 4.5 8.7 34 1.07 0.011 0.96
0.65 7.2 11.2 24 1.10 0.011 0.94
0.7 9.9 13.6 20 1.12 0.010 0.92
0.75 12.5 15.8 30 1.15 0.008 0.89
0.8 15.1 18.0 42 1.17 0.006 0.87
0.85 17.7 20.0 40 1.19 0.004 0.85
0.95 22.0 23.9 36 1.23 0.003 0.82
1.05 25.1 28.0 37 1.26 0.006 0.81
Table J.6: NRd calculations lower tail: EC3 buckling curves with
modified α (part 2/2).
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J.3 Detailed results for MRd
J.3.1 Results for entire population
J.3.1.1 Comparison with existing EC3 LTB curves
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE320A [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -20.7 -1.9 -12.2 -14.1 0.96 95 0.88 0.063 0.071 1.42
b -11.6 5.4 -5.0 -8.3 0.31 95 0.95 0.064 0.066 1.29
c -6.0 13.8 2.7 0.1 0.08 95 1.03 0.072 0.069 1.20
d 3.1 30.4 15.7 15.7 0.33 95 1.16 0.094 0.081 1.11
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE320M [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -2.4 5.2 0.5 1.3 0.01 45 1.00 0.018 0.018 1.05
b 4.2 16.9 9.6 12.4 0.18 45 1.10 0.042 0.038 1.03
c 11.5 29.0 19.3 24.3 0.61 45 1.19 0.066 0.056 0.99
d 22.3 48.6 35.3 43.6 1.59 45 1.35 0.103 0.077 0.94
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
IPE300 [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -16.6 5.8 -7.4 -6.8 0.75 139 0.93 0.068 0.073 1.35
b -10.0 11.9 -0.1 1.4 0.18 139 1.00 0.063 0.064 1.22
c -3.2 18.8 7.9 10.6 0.10 139 1.08 0.063 0.059 1.11
d 7.8 31.7 21.4 24.7 0.66 139 1.21 0.071 0.060 0.99
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE650A [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -17.3 3.7 -7.9 -5.6 0.87 138 0.92 0.072 0.078 1.38
b -10.5 9.3 -0.4 2.7 0.22 138 1.00 0.067 0.068 1.24
c -3.8 17.1 7.8 11.6 0.11 138 1.08 0.067 0.063 1.13
d 6.7 31.6 21.6 25.2 0.68 138 1.22 0.073 0.062 1.00
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE650M [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -14.4 8.3 -3.6 -6.8 0.50 131 0.96 0.078 0.081 1.33
b -7.8 15.7 4.5 3.5 0.14 131 1.04 0.077 0.074 1.20
c -0.6 24.2 13.1 14.1 0.28 131 1.13 0.080 0.072 1.10
d 11.1 40.2 27.8 31.7 1.19 131 1.28 0.092 0.074 0.98
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
IPE600 [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
a -20.3 4.2 -7.8 -6.7 0.87 175 0.92 0.075 0.082 1.40
b -12.2 9.0 -0.4 1.3 0.18 175 1.00 0.060 0.061 1.21
c -3.8 14.8 7.6 9.6 0.08 175 1.08 0.048 0.046 1.07
d 9.9 28.1 21.1 22.1 0.65 175 1.21 0.039 0.033 0.91
Table J.7: MRd calculations: existing EC3 curves.
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HE320A ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.2 -21.4 -2.5 -12.8 -14.5 1.03 95 0.87 0.064 0.072 1.43
0.3 -14.2 3.2 -7.2 -10.5 0.45 95 0.93 0.063 0.066 1.32
0.4 -9.2 8.7 -1.9 -5.5 0.17 95 0.98 0.066 0.066 1.25
0.45 -7.4 11.4 0.7 -2.4 0.11 95 1.01 0.069 0.068 1.22
0.5 -5.7 14.5 3.2 0.7 0.08 95 1.03 0.073 0.069 1.20
0.55 -4.0 17.6 5.7 3.7 0.08 95 1.06 0.076 0.071 1.18
0.6 -2.2 20.8 8.1 6.6 0.11 95 1.08 0.080 0.074 1.16
0.65 -0.5 23.8 10.5 9.5 0.16 95 1.11 0.084 0.076 1.14
0.7 1.1 26.9 12.9 12.3 0.23 95 1.13 0.088 0.078 1.13
0.75 2.8 29.9 15.3 15.1 0.31 95 1.15 0.093 0.081 1.11
0.8 4.3 32.8 17.6 17.9 0.41 95 1.18 0.097 0.083 1.10
0.85 5.8 35.7 19.9 20.6 0.51 95 1.20 0.102 0.085 1.09
0.95 8.7 41.5 24.5 26.0 0.75 95 1.24 0.111 0.090 1.06
1.05 11.7 47.2 29.0 31.3 1.01 95 1.29 0.120 0.094 1.04
HE320M ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.2 -2.9 4.3 -0.3 0.3 0.01 45 1.00 0.016 0.016 1.05
0.3 2.2 13.5 6.9 9.0 0.10 45 1.07 0.035 0.033 1.03
0.4 7.2 21.9 13.6 17.3 0.34 45 1.14 0.052 0.046 1.01
0.45 9.6 25.9 16.8 21.2 0.48 45 1.17 0.060 0.052 1.00
0.5 12.0 29.7 19.9 25.0 0.64 45 1.20 0.068 0.057 0.99
0.55 14.3 33.5 23.0 28.7 0.81 45 1.23 0.075 0.061 0.98
0.6 16.4 37.2 26.0 32.4 0.99 45 1.26 0.082 0.065 0.97
0.65 18.3 40.8 28.9 36.0 1.18 45 1.29 0.089 0.069 0.96
0.7 20.1 44.4 31.9 39.5 1.36 45 1.32 0.095 0.073 0.95
0.75 21.9 47.9 34.7 42.9 1.56 45 1.35 0.102 0.076 0.94
0.8 23.7 51.4 37.6 46.4 1.75 45 1.38 0.108 0.079 0.93
0.85 25.5 54.8 40.4 49.8 1.94 45 1.40 0.114 0.082 0.92
0.95 29.1 61.6 46.0 56.4 2.33 45 1.46 0.127 0.087 0.90
1.05 32.6 68.2 51.5 63.0 2.72 45 1.51 0.138 0.092 0.88
Table J.8: MRd calculations: EC3 buckling curves with modified α (part
1/3).
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IPE300 ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.2 -17.3 5.3 -8.0 -7.4 0.82 139 0.92 0.069 0.074 1.37
0.3 -12.0 10.0 -2.3 -1.1 0.29 139 0.98 0.064 0.066 1.25
0.4 -7.1 14.6 3.2 5.0 0.10 139 1.03 0.062 0.061 1.17
0.45 -4.9 16.9 5.8 8.1 0.09 139 1.06 0.063 0.060 1.14
0.5 -2.7 19.2 8.4 11.2 0.11 139 1.08 0.063 0.059 1.11
0.55 -0.6 21.5 11.0 14.2 0.17 139 1.11 0.064 0.059 1.08
0.6 1.5 23.7 13.5 16.9 0.26 139 1.14 0.065 0.059 1.06
0.65 3.5 26.0 16.0 19.4 0.36 139 1.16 0.067 0.059 1.03
0.7 5.5 28.2 18.5 21.9 0.49 139 1.18 0.068 0.059 1.01
0.75 7.4 31.1 20.9 24.2 0.63 139 1.21 0.070 0.060 0.99
0.8 9.3 34.1 23.4 26.6 0.78 139 1.23 0.072 0.060 0.98
0.85 11.2 37.0 25.8 28.8 0.94 139 1.26 0.074 0.061 0.96
0.95 14.8 42.8 30.5 33.1 1.29 139 1.31 0.079 0.063 0.93
1.05 18.3 48.5 35.3 37.7 1.66 139 1.35 0.084 0.064 0.90
HE650A ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.2s -17.8 3.3 -8.5 -6.3 0.96 138 0.91 0.073 0.080 1.40
0.3 -12.6 7.6 -2.6 0.2 0.35 138 0.97 0.068 0.070 1.28
0.4 -7.7 12.4 3.0 6.3 0.12 138 1.03 0.067 0.065 1.19
0.45 -5.4 15.1 5.7 9.3 0.10 138 1.06 0.067 0.064 1.15
0.5 -3.4 17.7 8.3 12.2 0.12 138 1.08 0.067 0.063 1.12
0.55 -1.4 20.2 10.9 15.1 0.18 138 1.11 0.068 0.062 1.09
0.6 0.6 22.8 13.5 17.9 0.26 138 1.14 0.069 0.062 1.07
0.65 2.5 25.3 16.1 20.5 0.37 138 1.16 0.070 0.062 1.04
0.7 4.5 28.1 18.6 22.6 0.50 138 1.19 0.071 0.062 1.02
0.75 6.3 31.0 21.1 24.7 0.65 138 1.21 0.073 0.062 1.00
0.8 8.2 33.9 23.5 27.3 0.80 138 1.24 0.075 0.062 0.98
0.85 10.1 36.8 26.0 29.6 0.97 138 1.26 0.076 0.063 0.96
0.95 13.8 42.5 30.8 34.0 1.33 138 1.31 0.080 0.064 0.93
1.05 17.4 48.2 35.6 38.5 1.71 138 1.36 0.085 0.065 0.90
Table J.9: MRd calculations: EC3 buckling curves with modified α (part
2/3).
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HE650M ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.2 -14.9 7.8 -4.3 -7.6 0.56 131 0.96 0.078 0.081 1.34
0.3 -9.8 13.4 2.0 0.5 0.19 131 1.02 0.077 0.075 1.24
0.4 -4.9 19.1 8.0 7.9 0.15 131 1.08 0.078 0.073 1.16
0.45 -2.5 22.0 10.9 11.4 0.21 131 1.11 0.079 0.072 1.13
0.5 -0.2 24.7 13.7 14.8 0.30 131 1.14 0.080 0.072 1.10
0.55 2.1 27.5 16.5 18.2 0.43 131 1.16 0.082 0.072 1.07
0.6 4.4 30.2 19.2 21.5 0.59 131 1.19 0.084 0.073 1.05
0.65 6.6 33.2 21.9 24.7 0.76 131 1.22 0.086 0.073 1.03
0.7 8.7 36.4 24.6 27.9 0.95 131 1.25 0.089 0.073 1.01
0.75 10.7 39.6 27.3 31.1 1.15 131 1.27 0.091 0.074 0.99
0.8 12.7 42.7 29.9 34.2 1.36 131 1.30 0.094 0.075 0.97
0.85 14.7 45.8 32.5 36.8 1.58 131 1.33 0.096 0.075 0.95
0.95 18.5 52.0 37.7 42.5 2.03 131 1.38 0.102 0.077 0.92
1.05 22.3 58.0 42.8 47.3 2.50 131 1.43 0.107 0.078 0.89
IPE600 ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.2 -20.9 3.8 -8.3 -7.4 0.97 175 0.92 0.076 0.084 1.41
0.3 -14.6 7.6 -2.6 -1.0 0.31 175 0.97 0.064 0.067 1.26
0.4 -8.8 11.3 2.9 4.8 0.08 175 1.03 0.055 0.054 1.15
0.45 -6.0 13.1 5.5 7.5 0.06 175 1.05 0.051 0.049 1.10
0.5 -3.3 15.2 8.1 10.0 0.09 175 1.08 0.048 0.045 1.06
0.55 -0.6 17.4 10.6 12.5 0.15 175 1.11 0.045 0.042 1.03
0.6 1.9 19.6 13.2 14.9 0.24 175 1.13 0.043 0.039 0.99
0.65 4.5 22.1 15.7 17.2 0.35 175 1.16 0.041 0.036 0.97
0.7 7.0 24.6 18.1 19.5 0.48 175 1.18 0.040 0.034 0.94
0.75 9.5 27.6 20.6 21.7 0.62 175 1.21 0.039 0.033 0.92
0.8 11.9 30.4 23.0 23.8 0.77 175 1.23 0.038 0.032 0.90
0.85 14.3 33.3 25.4 25.9 0.93 175 1.25 0.038 0.031 0.88
0.95 19.0 38.9 30.1 30.2 1.27 175 1.30 0.040 0.031 0.84
1.05 23.7 44.5 34.8 34.5 1.63 175 1.35 0.042 0.031 0.82
Table J.10: MRd calculations: EC3 buckling curves with modified α
(part 3/3).
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Figure J.3: MRd results: comparison with EC3 buckling curves for
different α (part 1/2).
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Figure J.4: MRd results: comparison with EC3 buckling curves with
different α (part 2/2).
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J.3.1.2 Comparison with new EC3 LTB curves
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE320A [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
hot-r. -14.0 1.6 -7.1 -9.0 0.34 95 0.93 0.048 0.051 1.26
weld -7.9 6.4 -2.1 -4.6 0.10 95 0.98 0.046 0.047 1.18
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE320M [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
hot-r. 1.4 4.7 2.9 2.8 0.03 45 1.03 0.009 0.009 1.00
weld 7.5 9.9 8.3 8.3 0.16 45 1.08 0.005 0.004 0.93
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
IPE300 [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
hot-r. -10.6 7.0 -2.5 -1.3 0.21 139 0.98 0.050 0.052 1.20
weld 2.6 18.1 11.3 13.2 0.21 139 1.11 0.045 0.041 1.02
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE650A [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
hot-r. -11.2 5.0 -3.0 -1.0 0.26 138 0.97 0.053 0.055 1.22
weld 1.4 18.0 10.9 12.7 0.21 138 1.11 0.046 0.042 1.03
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
HE650M [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
hot-r. -8.5 7.5 -0.3 -0.7 0.13 131 1.00 0.051 0.052 1.17
weld 4.8 19.9 13.2 14.8 0.36 131 1.13 0.042 0.038 0.99
∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
IPE600 [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
hot-r. -13.2 5.7 -2.7 -1.1 0.23 175 0.97 0.052 0.054 1.21
weld 2.4 16.8 11.1 11.6 0.21 175 1.11 0.030 0.028 0.98
Table J.11: MRd calculations: proposed rules by Taras.
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HE320A ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α′ [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.12 -19.3 -2.3 -11.3 -12.3 0.73 95 0.89 0.052 0.059 1.35
0.14 -16.6 -0.3 -9.2 -10.7 0.51 95 0.91 0.050 0.054 1.30
0.16 -14.0 1.6 -7.1 -9.0 0.34 95 0.93 0.048 0.051 1.26
0.18 -11.5 3.6 -5.1 -7.0 0.22 95 0.95 0.047 0.049 1.22
0.20 -9.1 5.5 -3.1 -5.5 0.13 95 0.97 0.046 0.047 1.19
0.21 -7.9 6.4 -2.1 -4.6 0.10 95 0.98 0.046 0.047 1.18
0.23 -5.6 8.3 -0.2 -2.5 0.06 95 1.00 0.047 0.046 1.15
0.25 -3.7 10.1 1.7 -0.1 0.03 95 1.02 0.047 0.046 1.13
0.27 -2.4 12.0 3.6 2.3 0.03 95 1.04 0.048 0.046 1.11
0.29 -1.3 12.9 5.1 4.4 0.05 95 1.05 0.049 0.046 1.10
0.33 -1.3 13.3 5.5 4.7 0.05 95 1.05 0.049 0.046 1.09
HE320M ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α′ [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.12 -3.9 1.9 -1.7 -1.2 0.01 45 0.98 0.017 0.017 1.07
0.14 -1.2 3.3 0.7 0.8 0.01 45 1.01 0.013 0.012 1.03
0.16 1.4 4.7 2.9 2.8 0.03 45 1.03 0.009 0.009 1.00
0.18 3.9 6.5 5.1 5.0 0.07 45 1.05 0.006 0.006 0.97
0.20 6.3 8.8 7.3 7.4 0.12 45 1.07 0.005 0.004 0.94
0.21 7.5 9.9 8.3 8.3 0.16 45 1.08 0.005 0.004 0.93
0.23 9.3 12.2 10.4 10.4 0.23 45 1.10 0.005 0.005 0.92
0.25 11.0 14.3 12.5 12.6 0.32 45 1.12 0.007 0.006 0.91
0.27 12.3 16.5 14.5 14.7 0.41 45 1.14 0.009 0.008 0.89
0.29 13.7 18.5 15.9 16.2 0.48 45 1.16 0.010 0.009 0.89
0.33 14.2 20.5 16.0 16.2 0.49 45 1.16 0.011 0.010 0.89
IPE300 ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α′ [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.12 -8.6 7.5 -0.2 0.9 0.11 139 1.00 0.048 0.048 1.16
0.14 -5.7 9.4 2.9 4.4 0.06 139 1.03 0.046 0.045 1.12
0.16 -2.8 11.3 5.8 7.7 0.07 139 1.06 0.045 0.043 1.08
0.18 0.0 14.6 8.8 10.7 0.13 139 1.09 0.045 0.042 1.05
0.20 2.5 17.6 11.1 13.0 0.21 139 1.11 0.045 0.041 1.02
0.21 2.6 18.1 11.3 13.2 0.21 139 1.11 0.045 0.041 1.02
0.23 2.6 18.9 11.3 13.2 0.22 139 1.11 0.045 0.041 1.02
0.25 2.6 18.9 11.3 13.2 0.22 139 1.11 0.045 0.041 1.02
0.27 2.6 18.9 11.3 13.2 0.22 139 1.11 0.045 0.041 1.02
0.29 2.6 18.9 11.3 13.2 0.22 139 1.11 0.045 0.041 1.02
0.33 2.6 18.9 11.3 13.2 0.22 139 1.11 0.045 0.041 1.02
Table J.12: MRd calculations: buckling curves Taras with modified α
(part 1/2).
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HE650A ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α′ [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.12 -9.0 7.1 -0.3 1.2 0.13 138 1.00 0.051 0.051 1.17
0.14 -6.0 9.1 2.8 4.8 0.06 138 1.03 0.048 0.048 1.13
0.16 -3.5 11.6 5.8 8.2 0.07 138 1.06 0.047 0.045 1.08
0.18 -1.0 14.6 8.8 10.9 0.14 138 1.09 0.047 0.044 1.05
0.20 1.4 16.7 10.9 12.7 0.20 138 1.11 0.046 0.042 1.03
0.21 1.4 18.0 10.9 12.7 0.21 138 1.11 0.046 0.042 1.03
0.23 1.4 18.0 10.9 12.7 0.21 138 1.11 0.046 0.042 1.03
0.25 1.4 18.0 10.9 12.7 0.21 138 1.11 0.046 0.042 1.03
0.27 1.4 18.0 10.9 12.7 0.21 138 1.11 0.046 0.042 1.03
0.29 1.4 18.0 10.9 12.7 0.21 138 1.11 0.046 0.042 1.03
0.33 1.4 18.0 10.9 12.7 0.21 138 1.11 0.046 0.042 1.03
HE650M ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α′ [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.12 -5.6 9.1 2.4 3.4 0.06 131 1.02 0.048 0.047 1.13
0.14 -2.7 11.0 5.4 7.5 0.07 131 1.05 0.045 0.043 1.08
0.16 0.2 13.6 8.4 10.8 0.14 131 1.08 0.043 0.041 1.04
0.18 2.8 17.0 11.3 12.9 0.26 131 1.11 0.043 0.039 1.01
0.20 4.8 18.7 13.1 14.7 0.36 131 1.13 0.042 0.038 0.99
0.21 4.8 19.9 13.2 14.8 0.36 131 1.13 0.042 0.038 0.99
0.23 4.8 19.9 13.2 14.8 0.36 131 1.13 0.043 0.038 0.99
0.25 4.8 19.9 13.2 14.8 0.36 131 1.13 0.043 0.038 0.99
0.27 4.8 19.9 13.2 14.8 0.36 131 1.13 0.043 0.038 0.99
0.29 4.8 19.9 13.2 14.8 0.36 131 1.13 0.043 0.038 0.99
0.33 4.8 19.9 13.2 14.8 0.36 131 1.13 0.043 0.038 0.99
IPE600 ∆min ∆max ∆mean ∆med ∑ R² n Rm σR σ∆ γRd
α′ [%] [%] [%] [%] [-] [-] [-] [-] [-] [-]
0.12 -6.7 9.5 3.3 4.6 0.05 175 1.03 0.040 0.040 1.09
0.14 -2.7 11.9 6.8 7.6 0.08 175 1.07 0.035 0.034 1.04
0.16 1.1 16.1 10.3 10.9 0.18 175 1.10 0.033 0.030 0.99
0.18 2.4 16.8 11.1 11.6 0.21 175 1.11 0.030 0.028 0.98
0.20 2.4 16.8 11.1 11.6 0.21 175 1.11 0.030 0.028 0.98
0.21 2.4 16.8 11.1 11.6 0.21 175 1.11 0.030 0.028 0.98
0.23 2.4 16.8 11.1 11.6 0.21 175 1.11 0.030 0.028 0.98
0.25 2.4 16.8 11.1 11.6 0.21 175 1.11 0.030 0.028 0.98
0.27 2.4 16.8 11.1 11.6 0.21 175 1.11 0.030 0.028 0.98
0.29 2.4 16.8 11.1 11.6 0.21 175 1.11 0.030 0.028 0.98
0.33 2.4 16.8 11.1 11.6 0.21 175 1.11 0.030 0.028 0.98
Table J.13: MRd calculations: buckling curves Taras with modified α
(part 2/2).
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Figure J.5: MRd results: comparison with buckling curves Taras with
different α (part 1/2).
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Figure J.6: MRd results: comparison with buckling curves Taras with
different α (part 2/2).
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J.3.2 Results for lower tail approach
J.3.2.1 Comparison with existing EC3 LTB curves
∆min ∆max n Rm σ∆ γRd
HE320A [%] [%] [-] [-] [-] [-]
a -20.7 -18.6 21 0.80 0.008 1.27
b -11.6 -10.3 20 0.89 0.005 1.14
c -6.0 -4.0 20 0.95 0.006 1.07
d 3.1 5.6 31 1.04 0.006 0.98
∆min ∆max n Rm σ∆ γRd
HE320M [%] [%] [-] [-] [-] [-]
a -2.4 -0.4 20 0.99 0.007 1.03
b 4.2 6.1 20 1.05 0.005 0.96
c 11.5 13.4 20 1.12 0.004 0.90
d 22.3 26.3 20 1.25 0.008 0.82
∆min ∆max n Rm σ∆ γRd
IPE300 [%] [%] [-] [-] [-] [-]
a -16.6 -14.5 30 0.84 0.007 1.21
b -10.0 -6.5 32 0.91 0.010 1.13
c -3.2 1.2 34 0.98 0.011 1.05
d 7.8 11.6 33 1.09 0.009 0.94
∆min ∆max n Rm σ∆ γRd
HE650A [%] [%] [-] [-] [-] [-]
a -20.3 -15.3 44 0.82 0.018 1.29
b -12.2 -6.5 43 0.91 0.020 1.17
c -3.8 2.4 36 1.00 0.020 1.07
d 9.9 17.2 31 1.14 0.020 0.93
∆min ∆max n Rm σ∆ γRd
HE650M [%] [%] [-] [-] [-] [-]
a -14.4 -11.5 26 0.87 0.009 1.18
b -7.8 -4.1 33 0.94 0.009 1.09
c -0.6 3.9 34 1.01 0.010 1.02
d 11.1 16.0 34 1.13 0.012 0.92
∆min ∆max n Rm σ∆ γRd
IPE600 [%] [%] [-] [-] [-] [-]
a -17.3 -15.1 35 0.84 0.007 1.22
b -10.5 -7.2 32 0.91 0.009 1.13
c -3.8 -0.4 32 0.97 0.009 1.06
d 6.7 12.7 32 1.09 0.014 0.96
Table J.14: MRd calculations lower tail: existing EC3 curves.
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HE320A ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.2 -21.4 -19.3 21 0.80 0.008 1.29
0.3 -14.2 -12.3 20 0.87 0.007 1.18
0.4 -9.2 -7.3 20 0.92 0.006 1.11
0.45 -7.4 -5.3 20 0.94 0.006 1.09
0.5 -5.7 -3.7 20 0.95 0.006 1.07
0.55 -4.0 -2.0 21 0.97 0.006 1.05
0.6 -2.2 0.0 27 0.99 0.007 1.03
0.65 -0.5 1.9 30 1.01 0.007 1.01
0.7 1.1 4.0 31 1.02 0.007 1.00
0.75 2.8 5.3 31 1.04 0.006 0.98
0.8 4.3 6.9 31 1.06 0.006 0.97
0.85 5.8 8.6 31 1.07 0.006 0.95
0.95 8.7 11.9 31 1.10 0.007 0.93
1.05 11.7 15.3 31 1.13 0.008 0.91
HE320M ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.2 -2.9 -1.0 20 0.98 0.007 1.04
0.3 2.2 4.2 20 1.03 0.005 0.98
0.4 7.2 9.0 20 1.08 0.004 0.94
0.45 9.6 11.4 20 1.11 0.004 0.91
0.5 12.0 13.8 20 1.13 0.004 0.90
0.55 14.3 16.2 20 1.15 0.005 0.88
0.6 16.4 18.6 20 1.18 0.006 0.87
0.65 18.3 21.0 20 1.20 0.007 0.85
0.7 20.1 23.4 20 1.22 0.007 0.84
0.75 21.9 25.8 20 1.24 0.008 0.83
0.8 23.7 28.2 20 1.26 0.009 0.81
0.85 25.5 30.6 20 1.29 0.010 0.80
0.95 29.1 35.3 20 1.33 0.011 0.78
1.05 32.6 39.9 20 1.37 0.013 0.76
Table J.15: MRd calculations lower tail: EC3 buckling curves with
modified α (part 1/3).
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IPE300 ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.2 -17.3 -15.0 31 0.84 0.007 1.22
0.3 -12.0 -8.8 31 0.89 0.011 1.15
0.4 -7.1 -4.0 32 0.94 0.009 1.09
0.45 -4.9 -1.0 33 0.96 0.010 1.07
0.5 -2.7 1.6 34 0.99 0.011 1.05
0.55 -0.6 4.5 34 1.01 0.011 1.02
0.6 1.5 5.2 33 1.03 0.009 1.00
0.65 3.5 7.0 33 1.05 0.008 0.98
0.7 5.5 8.8 33 1.07 0.009 0.96
0.75 7.4 11.1 33 1.09 0.009 0.94
0.8 9.3 13.4 33 1.11 0.010 0.93
0.85 11.2 15.7 33 1.13 0.010 0.91
0.95 14.8 20.2 33 1.17 0.012 0.89
1.05 18.3 24.7 33 1.21 0.013 0.86
HE650A ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.2 -17.8 -15.9 34 0.83 0.007 1.23
0.3 -12.6 -9.5 35 0.89 0.010 1.16
0.4 -7.7 -3.9 32 0.93 0.009 1.10
0.45 -5.4 -1.9 32 0.96 0.009 1.07
0.5 -3.4 0.0 32 0.98 0.009 1.05
0.55 -1.4 2.3 32 1.00 0.010 1.03
0.6 0.6 4.9 32 1.02 0.011 1.01
0.65 2.5 7.4 32 1.04 0.012 0.99
0.7 4.5 9.8 32 1.07 0.012 0.97
0.75 6.3 12.2 32 1.09 0.013 0.96
0.8 8.2 14.6 32 1.11 0.014 0.94
0.85 10.1 17.0 32 1.13 0.015 0.93
0.95 13.8 21.7 32 1.17 0.017 0.90
1.05 17.4 26.3 32 1.21 0.019 0.87
Table J.16: MRd calculations lower tail: EC3 buckling curves with
modified α (part 2/3).
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HE650M ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.2 -14.9 -12.3 25 0.86 0.008 1.19
0.3 -9.8 -5.8 33 0.92 0.010 1.12
0.4 -4.9 0.2 34 0.97 0.011 1.06
0.45 -2.5 2.9 35 1.00 0.012 1.04
0.5 -0.2 4.3 34 1.02 0.010 1.01
0.55 2.1 6.3 34 1.04 0.010 0.99
0.6 4.4 8.2 34 1.06 0.010 0.97
0.65 6.6 10.5 34 1.08 0.010 0.95
0.7 8.7 13.0 34 1.11 0.011 0.93
0.75 10.7 15.5 34 1.13 0.011 0.92
0.8 12.7 17.9 34 1.15 0.012 0.90
0.85 14.7 20.3 34 1.17 0.013 0.89
0.95 18.5 25.1 34 1.21 0.014 0.86
1.05 22.3 29.8 34 1.25 0.016 0.84
IPE600 ∆min ∆max n Rm σ∆ γRd
α [%] [%] [-] [-] [-] [-]
0.2 -20.9 -16.0 44 0.81 0.017 1.30
0.3 -14.6 -9.3 43 0.88 0.019 1.20
0.4 -8.8 -2.7 40 0.94 0.020 1.13
0.45 -6.0 0.3 38 0.97 0.020 1.09
0.5 -3.3 3.0 36 1.00 0.020 1.06
0.55 -0.6 6.1 36 1.03 0.020 1.03
0.6 1.9 8.9 34 1.06 0.020 1.01
0.65 4.5 11.2 32 1.08 0.020 0.98
0.7 7.0 14.1 32 1.11 0.020 0.96
0.75 9.5 16.6 31 1.13 0.020 0.94
0.8 11.9 19.0 29 1.16 0.020 0.92
0.85 14.3 21.5 25 1.18 0.018 0.90
0.95 19.0 25.7 24 1.23 0.018 0.86
1.05 23.7 30.5 22 1.27 0.018 0.83
Table J.17: MRd calculations lower tail: EC3 buckling curves with
modified α (part 3/3).
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J.3.2.2 Comparison with new EC3 LTB curves
∆min ∆max n Rm σ∆ γRd
HE320A [%] [%] [-] [-] [-] [-]
hot-r. -14.0 -11.1 20 0.87 0.010 1.18
weld -7.9 -6.0 20 0.93 0.006 1.09
∆min ∆max n Rm σ∆ γRd
HE320M [%] [%] [-] [-] [-] [-]
hot-r. 1.4 2.4 20 1.02 0.003 0.99
weld 7.5 8.2 20 1.08 0.002 0.93
∆min ∆max n Rm σ∆ γRd
IPE300 [%] [%] [-] [-] [-] [-]
hot-r. -10.6 -7.5 36 0.91 0.010 1.13
weld 2.6 5.7 33 1.04 0.008 0.99
∆min ∆max n Rm σ∆ γRd
HE650A [%] [%] [-] [-] [-] [-]
hot-r. -11.2 -8.3 36 0.90 0.008 1.14
weld 1.4 5.9 32 1.03 0.011 1.00
∆min ∆max n Rm σ∆ γRd
HE650M [%] [%] [-] [-] [-] [-]
hot-r. -8.5 -5.4 32 0.93 0.009 1.10
weld 4.8 8.7 34 1.06 0.009 0.97
∆min ∆max n Rm σ∆ γRd
IPE600 [%] [%] [-] [-] [-] [-]
hot-r. -13.2 -7.9 42 0.90 0.018 1.18
weld 2.4 8.0 25 1.05 0.017 1.00
Table J.18: MRd calculations lower tail: proposed rules by Taras.
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HE320A ∆min ∆max n Rm σ∆ γRd
α′ [%] [%] [-] [-] [-] [-]
0.12 -19.3 -16.6 22 0.82 0.011 1.26
0.14 -16.6 -13.9 20 0.85 0.010 1.22
0.16 -14.0 -11.1 20 0.87 0.010 1.18
0.18 -11.5 -8.8 20 0.90 0.010 1.14
0.20 -9.1 -6.9 20 0.92 0.007 1.11
0.21 -7.9 -6.0 20 0.93 0.006 1.09
0.23 -5.6 -4.2 20 0.95 0.004 1.06
0.25 -3.7 -2.5 20 0.97 0.004 1.04
0.27 -2.4 -1.0 20 0.98 0.004 1.03
0.29 -1.3 0.2 22 1.00 0.005 1.02
0.33 -1.3 0.6 24 1.00 0.006 1.02
HE320M ∆min ∆max n Rm σ∆ γRd
α′ [%] [%] [-] [-] [-] [-]
0.12 -3.9 -2.9 20 0.97 0.003 1.04
0.14 -1.2 -0.2 20 0.99 0.003 1.01
0.16 1.4 2.4 20 1.02 0.003 0.99
0.18 3.9 4.9 20 1.05 0.003 0.96
0.20 6.3 7.3 20 1.07 0.002 0.94
0.21 7.5 8.2 20 1.08 0.002 0.93
0.23 9.3 10.4 20 1.10 0.003 0.92
0.25 11.0 12.5 20 1.12 0.004 0.91
0.27 12.3 14.6 20 1.14 0.006 0.90
0.29 13.7 15.6 20 1.15 0.004 0.88
0.33 14.2 15.6 20 1.15 0.003 0.88
IPE300 ∆min ∆max n Rm σ∆ γRd
α′ [%] [%] [-] [-] [-] [-]
0.12 -8.6 -5.0 38 0.93 0.010 1.10
0.14 -5.7 -1.8 34 0.96 0.009 1.07
0.16 -2.8 0.5 34 0.99 0.009 1.04
0.18 0.0 4.0 34 1.02 0.010 1.01
0.20 2.5 5.5 33 1.04 0.008 0.99
0.21 2.6 5.7 33 1.04 0.008 0.99
0.23 2.6 6.2 33 1.04 0.009 0.99
0.25 2.6 6.2 33 1.04 0.009 0.99
0.27 2.6 6.2 33 1.04 0.009 0.99
0.29 2.6 6.2 33 1.04 0.009 0.99
0.33 2.6 6.2 33 1.04 0.009 0.99
Table J.19: MRd calculations lower tail: buckling curves Taras with
modified α (part 1/2).
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HE650A ∆min ∆max n Rm σ∆ γRd
α′ [%] [%] [-] [-] [-] [-]
0.12 -9.0 -5.5 38 0.93 0.010 1.11
0.14 -6.0 -2.3 33 0.96 0.011 1.08
0.16 -3.5 1.1 32 0.98 0.012 1.05
0.18 -1.0 3.3 31 1.01 0.013 1.03
0.20 1.4 5.9 32 1.03 0.011 1.00
0.21 1.4 5.9 32 1.03 0.011 1.00
0.23 1.4 5.9 32 1.03 0.011 1.00
0.25 1.4 5.9 32 1.03 0.011 1.00
0.27 1.4 5.9 32 1.03 0.011 1.00
0.29 1.4 5.9 32 1.03 0.011 1.00
0.33 1.4 5.9 32 1.03 0.011 1.00
HE650M ∆min ∆max n Rm σ∆ γRd
α′ [%] [%] [-] [-] [-] [-]
0.12 -5.6 -2.8 32 0.96 0.007 1.06
0.14 -2.7 0.8 34 0.99 0.008 1.04
0.16 0.2 3.6 34 1.02 0.008 1.01
0.18 2.8 7.0 34 1.05 0.009 0.98
0.20 4.8 8.1 34 1.06 0.008 0.96
0.21 4.8 8.7 34 1.06 0.009 0.97
0.23 4.8 8.7 34 1.06 0.009 0.97
0.25 4.8 8.7 34 1.06 0.009 0.97
0.27 4.8 8.7 34 1.06 0.009 0.97
0.29 4.8 8.7 34 1.06 0.009 0.97
0.33 4.8 8.7 34 1.06 0.009 0.97
IPE600 ∆min ∆max n Rm σ∆ γRd
α′ [%] [%] [-] [-] [-] [-]
0.12 -6.7 -0.8 37 0.97 0.020 1.10
0.14 -2.7 3.1 33 1.01 0.021 1.06
0.16 1.1 6.9 25 1.04 0.019 1.02
0.18 2.4 8.0 25 1.05 0.017 1.00
0.20 2.4 8.0 25 1.05 0.017 1.00
0.21 2.4 8.0 25 1.05 0.017 1.00
0.23 2.4 8.0 25 1.05 0.017 1.00
0.25 2.4 8.0 25 1.05 0.017 1.00
0.27 2.4 8.0 25 1.05 0.017 1.00
0.29 2.4 8.0 25 1.05 0.017 1.00
0.33 2.4 8.0 25 1.05 0.017 1.00
Table J.20: MRd calculations lower tail: buckling curves Taras with
modified α (part 2/2).
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